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lo  All  Recipients  ol  the  DNA  Reaction  Kate  Handbook  (DNA  1048IH 

I loin  I lie  I ditoi  s 

Subject  Revision  Number  5 


I ikIom.iI  herewith  vou  will  Inn]  .i  copv  ol  Revision  Number  5 to  the  Handbook.  It 
comprises  .i  completel*  updated  version  ol  ( luptei  I 8A  an J the  brand-new  Chapter  18b 

Von  should  immediateh  discjid  tile  pievious  eupy  ol  Chapter  ISA  .is  well  as  the  ol*i 
pace-.  I Mi  I am]  I hit  2.  ami  place  this  new  material  in  its  proper  order  in  yotir  copy  of 
the  Handbook 

N > ii  should  also  entei  on  page  m in  trout  of  vonr  Handbook  the  following  inturma- 
i o >u  Revision  Number  5 Date  ol  Issue  June  l‘>75.  Date  ol  Receipt  whatever  day 
\ i >u  teceive  this  and  sign  v our  name  m the  last  column. 

We  anticipate  the  issuance  ol  Revision  Number  <>.  updating  ( napteis  17.  l‘b  and  70. 
late i .his  spring,  and  Revision  Number  7.  revising  the  Appendices.  In  late  summer 
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CHAPTER  18A 


18.  ION-NEUTRAL  REACTIONS 
A.  THERMAL  PROCESSES 

Eldon  E.  Ferguson 
Aeronomy  Laborotory 

National  Oceanic  ond  Atmospheric  Administration 
Research  Laboratories 
('Lotest  Revision  25  February  1975). 

18A.1  INTRODUCTION 

Progress  in  the  field  of  ion-neutral  reactions  has  been  very  rapid 
in  the  tew  years  sinc  e the  first  edition  of  the  Reaction  Rate  Handbook 
was  prepared.  1 he  numbe-  uf  atmospherically  relevant  rate  con- 
stants known  has  multiplied  greatly  and  must  of  those  previously 
known  have  been  improved  so  that  an  almost  complete  rewriting  of 
this  chapter  i preparer!  by  Wade  1..  kite  in  the  first  edition  of  the 
Handbook  i was  ailed  fur.  1 hr*  « onvenient  format  of  L ite  is  retained. 
I lie  emphasis  of  this  < hapter  is  on  data  tabulation.  '1  he  reactions 
reported  are  positive-  and  negative-ion  < ha  rye -transfer  (elec  tron 
transfer  i with  neutrals,  ion-utom-interehanye  reactions  i chemical 
rearrangement  i,  and  three-body  association  reac  tions.  Associative- 
detachment  reactions  of  negative  ions  arc.  . overed  in  Chapter  17. 

‘1  he  survey  is  restricted  largely  to  low  ( nea  r - thermal  l energies. 

Some  useful  yeneral  references  and  review  articles  are: 

ia'  Sinnott,  O.  A.  , bibliography  of  Ion-Molecule  Reaction  Rate 
Da*u,  .III. A Informatcon  Center  Report  No.  1'niversity  of 
Colorado,  boulder,  Colorado  i 1 ‘ ' * i . 

bi  Mc  Daniel,  ib  IV.  , V.  Cermak , D.tlyarno,  K.  K.  1-  eryuson, 
and  1 . Friedman,  Ion- Mo lec  tile  Reac  tions . John  Wiley,  New 
York  i 1 ‘*7nt. 

• I Hcjchstim,  A.  R.  , Kd.  , hibliuj  rapt.y  of  Chemical  Kinetic  s 
and  Collision  1 rut  esses,  i'lenum  Press,  New  York  lPo,U|. 

di  Fianklin,  .1.1..,  J.C.  Dillard,  1!.M.  Rosenstock , 1 . .1. 
Herron,  K.  Draxl,  and  1 .11.  Fieln,  Ionization  Potentials, 
Appearance  Potentials,  and  Heats  of  Formation  of  (iaseous 
bins,  .N.SRD.S-Nl’.S  .i*  , INS.  (luv't.  Printing  Office,  Wash- 
ington l I'u.'M. 

PH  Srhiff,  11.!.,  Kd.  , Proceedings  < f the  Symposium  on  labora- 
tory Measurements  of  Aeronomic  interest,  Can.  .1.  Chum, 
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ISA.  ? TECHNIQUES 

I he  experrrr  em  1 1 ’.fi  i.iiu,  ics  in  use  .ire  des<  ribed  in  detail  in 
i 7.  in  I'clermi  e Hen.  mi  above,  and  <•  1 s ewiie  r e . Only  brief 

r«*jer «-:n  e is  made  i.err  ' re,  ent  .idv.mt  es  v.’huh  have  led  to  new 

I'ciii  1 1 i - r at  r c.i  i .i . 


13A.2.1  $ tationar  / Afterglow 

it  s;  a*  loin  r y all  eru  K- ws  !.»r  lui.  ■ neul  ral  rt:.u  tiun  studies 
is  de-,  r i u * * ' ; j*.  i n.iptej  /.  Impir'an’  >t  Miles  Referent  c IsA-ll  in 

< ■, is. :de\  nit  m ' M e systei:.  l.aVe  oven  tarried  out  with  and  with- 

j ;•  added  v.  iit**r  Vii'iii',  I'l'ii'  mu  at  both  positive-  and  nep.it  i ve  - inn 
: r es.v.-s.  t ’her  a i,'.-  ete!1  eiH  «•  s I - A - d , l'A-J!  lias  i otu  e lit  ra  t ed 
r.  ’r.e  ; . !.■  is  p r . • ■ r i • re,e.  in. ns,  va  ryitm  they, is  temperature  from  IS” 

• * : . I J > < i : : « • ■ ■ t > t . 

1BA.2.2  ciowi^a  Afterglow 

! i . a : n.  - il'*r_i  .v.  tr,  hmr;.e,  .i  vers.atil'’  method  for  ion- 
r : i :'>•■«  '!  :i  studies  m the  e oi  beiiiy  applii  'ble  to  a wide 

ra:,. e t i-.i.  and  neu<  ra  1 re  ut.mts,  has  lit  en  extended  to  cover  the 
per.it  ; r ••  rinye  -o -•<•<)  K for  some  rear  'ions  l References  IKA-4, 

1 • fi.is  oeeji  applied  io  metal-ion  reu«  lions  i i{  eft:  rent  e IHA-o 

i:d  ' •J.rf-  ’.’.dy  i-us  re.t.’ioiis  .Referent  es  IKA-7  through  ISA-'M. 
i he  method  t.iis  iii.'ft.  applied  to  Mi/asu  retnents  of  at  niosphe  ric  - ion 
■ i.a  rue-t  ransfer  witii  Sodium  (Reference  IhA-IOl  and  ion  reactions 
w.th  water  > Reiereru  es  IhA-il  through  IHA-I3>.  ‘J  tie  NCAA  system 
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18A.2.4  Oo v.v.d- 3eorr  E/oeri'nenf, 

.rii'-r  md  1'  u!  in*  r f>  > rd  .«  t.  ( 'i. .»:>»«•  r 1 t . mitimies  to 

:<;•  • ■ i ir.>-  .*.::*  *.*..*s  .!  v.t!  table  i> .nosohe r i • information  <>n  , Iiar^e- 

r . r >*ss,*s,  s-di,  If  :»*,sit:  ve  -uni  negative  i < . ts.-- , .it  e tieryies 
. * i .* « * . «■  t ■ r , t>  v , i • s i 1 1 < ■ t <•  r < ■ t.i  «•  I ■*  A * 1 1 , 1 i . « ■ r e !.il  i ve  , or. - 

.- ' i : ' * . , r . ,*  - ' j*a  ns  t ,■  r r.it  r i > ,i,st ,it.t  s t r - 1 1 , t in*  rm.t  i le  ve  1»  .o 

>•  : < . • • r ;.  »'-  • ' - .ill.  v. s a r im  S' . n,i  ■ i I-  i‘\t  r.i.nil.tli'in  < • I tin-  In  w - 

r s • .mu  <i.it.«  i:.  n . my  asms . ■ ir.nort.iM  <i.it. i on  the 

;■  > * • . • • : •• ...  ;••■>:- s * .i' .■  i .ns,  v.  ni.  .*.  i re  .tin  >st  •:  t.tv.n  l.ihle  >y  any 

*:.;*'<■  r.  <■ , i , ••  • ■■  t A *>*.■■  • ■ t . 1 1 : . t • 1 1 • 1 ■ f « • r « • i n »•  1 - . f . 'Hu* 

t r .<*!  ■ : , * i :•  > t ■.  ■ •>*. : . jrr.i'  vi*  rs.i  i i ! i t y in  1 1.  «*  r i nils  .f 

. ■ . . ' . t : . * ' . ■ *.  i < . 

J8A.2.5  D:iH-Tube  To  •hniqeev 

vi*!';,  ;;r*  nnsint;  !.*•*.'.•  • 1 * - v « * 1 * . *ni*!it  is  tin  ts.-  ni  drift  tubes  to 
s’niy  i-iti'.sni.iT  n i ,n  - n<*ut  ral  r»*.  . tinns  ...rr  a r.niL'i;  of  energies, 
from  'liiTtn.il  ! t * v t • 1 s several  i*U*.tron  volts-,  :.ot  <ithe rwise  readily 
• u i cssiijlf.  In-  wnris  of  l'.ioinii  t !<  i*ft*  re in  i*s  ISA-*!?!, 
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I 

Varney  i Kelt-  rem  e lfA-.ii  I,  llaMod  tKcftmiu-s  lf.A-.iV,  IfA-Mri, 

Mi  Daiiu'l  i1  If.'-M'i,  .uni  Kjiu'^j  iKrifrvmc  I.SA-3UI  an- 

es-pee tally  noteworthy  . 

18A.3  EXAMPLES  Of  IMPORTANT 
IONOSPHERIC  REACTIONS 

Several  >1  t in*  :n- < »* «. • inijmrt.u  ! lunospht-rn  reat  lions  are  (list  u.im  p! 
m some  detai  l in  'Li*  se>  Imn.  A varit-ly  of  different  types  • if  rea<  - 
1 1 1 1 n s art-  dismsM-d  m i.rd*  r to  ;mint  *-i‘.  ditt*----nt  i mds  ■ > t problems 
whti  h arise.  l-.eviews  an-  ..  ail.iAle  Ay  I tie  i Ki'ii-ri-.m  1 - A - 5 l i I • » r 
dcnm^mii  posi'  l ve-i  >n  r«-a<  lions,  ami  !/  ] i-rvusou  1-'  d'crciu  e 1 A - 

iM'  tor  ai-ro!K.i;,i(  iii-muvc-i  on  reai  tin.:.-.. 

18A.3.  1 He’  • N2  - N‘  • N • He 
- N2  • He 

1 his  is  aii  example  "!  in-  ■ ■ 1 tin-  sin  pii  :>;  r.nos;d,erH  ri-.itin;s  to 
in.-  rnciiMin-u,  lnv-ilviiiL-  an  i-.n  oi  a stable  newt  <-.»!  n-jitim:  with  a 
•star.ii-  I'.*-:',  ral.  t > nisi -tjui-nt  !y  a tniniH-r  ni  measureim-nAs  m a varn-ly 
o ! ••%;><•  ri  :i  a-iit  s s ;■  -.i  i r!  a \ r :<•  - i 1 . .i  ; . n •.  I1  ' ' . n.'1  ms  , 1 he 

rate  . >nsta:.',  is  li.M-nsii i vi-  m ti-m.  ernture  variation  ami  to  viAra- 
•i  na . i-\i  i'.-.-.i  ,t.  . i‘  t:i<-  i.it  i i.  ! In-  :,r. ti. i iiiim  rati  .,  i.  e.  , 1.  \ 

:i  j'i-ii.  t r.'.Ui,  is  less  < i-rt.tin  li.,i:iti,i-  ra< « -■  utistati*  ::  ensur  m a-nt , 
si  ra  i-  :i  mV  • ives  a r* u-  < *.*.■  1 * -<i u «.-  of  tin-  sat:  pline  i-llu  u-m  y as  a turn  - 
tiiii.  i :i  -.as  s i ii  i r tin-  : i . • s s sin- 1 *.  romel  e r , w hi.  1.  is  n i.in-i  i-s  sa  ry  fo  r 
ti  i-  rati--<  oiistai.1.  t:  i-aMiri-tm-ti!  iloiu-  m . •■rt.tin  in  iiniq  ii-h,  'I  he 
A A i rati  i lii-s  ta-lv.  i-i-i;  "in-  ami  t-.vo,  a mi  di-.n-mis  on  tin-  nitrogen 
vir  r-iiiuii.il  temneratu  r«-.  );.i.->  r»-aitio;i  is  imir  resonant  i ii.iriic 

'r.insti-r  into  ‘.In  A to  s'ati-,  v.-!:ii  then  radiates  tin-  se>  oiid-nvLative 
sYS’em  In  Live  a ro'l : d - s 1 a • > ■ A , , r oredisSov  lates  lo  pw  !•  llifl- 
erem  e l .-A- I ills  is  >>i,e  ii  'in-  l-w  n-aitiotis  for  whii.li  the 

prodm  I stales  are  -.■-«•  ] ] r Mo-Ali.  here  is  evident  e liiat  tin-  A>  pr  -- 
d*t>  ell  is  ro'aiii.liaily  ex-.  lied. 

18A . 3. 2 O ' • Oj  - 02  • O 

‘i  Ills  remtion  r.as  !n-e:i  measured  Ay  several  Workers;  all  results 
are  -.  onsiste.-it  with  t i.  <>  x 1 l*'  * 1 3udi'  * • - on'  an  tor  the 

temperature  ramie  r.u.ioo  K i Refe  rem  es  l f A - 3 throui:li  !.s.\-~o. 

Retent  data  uti  the  energy  dependent  e are  presented  Ay  Mi  1'arlaiul 
et  al  Referent  e lhA-ii). 
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18A.3.3  O'  ■ N -NO'  • N 

M'l.S  l'cai  tl.ill  \..t>  Ui'i'li  ; u«il  fd  ill  cre.i?  detail,  (.tli'll  Wltli  i Ottilir  ! - 
1 Hi.  r u Su  i t S . I lit'  i'al ( • il.f  ! .( I!t  1ft  I . 1 \ I ^ .111^  S ei  .it  UMI  K,  all(i 

(if  riMSc-s  !■•  .ttiiii;'  \ i ^ ' in  mi  .i!  * Hu  j.  i iji- r«*,,u  f I'A-Ji. 

! i.f  i f.t.  1 lull*  r.tu-  < utifttaiii  ’.ft  e\t  rfii  .«•  !y  m nsr.ivi  tu  th*-  m t r j^'i-ii 
vi r..t n 1 in.  jnT.iinn',  i r..  ri-.t .sin v ftf,.i r ;j! y to r '1  vi ^ ! 41*1 i } lift* 
i rct.i  f l-A-ii'.  •.!  i.iL’iii’f  i iiciv’fft.  luiciv  tin-  l ’ > iiii-in  eiiercy 
i'm  ff  <lft  . <•  \ , i i.e  I'.itf  t (lift*. ini  ,i  ft. i iiu  r f.tftf  ft  siiurjdy.  it  ftffiuft 
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18A.3.7  02  * No  - No’  * Oj 

This  reaction  and  the  analogous  \*  and  NO*  charge -t ransfer  re- 
actions have  been  measured  in  a flowing-afterglow  system  (Refer- 
ence ISA-  10|.  the  rate  constant  for  the  reaction  being  t.  7 x 10'^ 
cin^/sec  at  300  K.  Reactions  of  ions  with  neutral  metals  pose  prob- 
lems in  measurement  bee  ause  of  the  difficulty  of  handling  and  meas- 
uring the  neutral  reactant.  However,  such  reactions  are  being 
treated  in  crossed -beam  experiments,  down  to  a few  electron  volts 
of  ion  energy  «see  Table  18A-M.  Because  of  the  difficulties  enu- 
merated above,  c rossed-beam  measurements  will  probably  supply 
the  bulk  of  useful  information  of  this  kind  for  some  years,  in  the 
case  of  charge-transfer  reactions  generally,  the  rate-constant  de- 
pendence or.  energy  is  usually  relatively  slight,  so  that  the  long 
extrapolation  from  a few  electron  volts  to  atmospheric  temperatures 
is  not  so  hazardous  as  would  be  the  case  for  ion-atom  interchange. 
However,  fo r C,  * Na  the  extrapolation  gives  about  twice  as  large 
a rate  constant  as  the  flowing -afterglow  measurement,  and  for 
N , * .'.a  the  disc  repancy  is  a factor  of  four,  the  extrapolated  beam 
result  again  being  larger.  An  important  detail  about  reactions  such 
as  this  which  remains  undetermined  is  the  chemical  state  of  the 
products,  i.  c.  , either  O,  or  C r C could  be  produced  in  the  present 
instance. 

18A.3.8  Oj  - 02  * M - 04  • M 

This  reaction  is  particularly  important  witn  respect  to  the  D-region 
chemistry  iReferem  e l.*A-37>,  Reactions  such  as  this  one  are  diffi- 
cult to  measure  in  the  laboratory  and  good  rate  data  are  correspond- 
ingly sparse.  1 he  problem  is  compounded  by  the  fact  that  several 
third  bodies  i.Mi  are  of  potential  im;x>rtance  in  the  atmosphere,  and 
by  the  additional  fact  that  three- body  rale  constants  are  markedly 
temperature-dependent.  Much  of  the  atmospheric  interest  is  in  the 
D-regior.  where  T 300  K,  which  is  not  a readily  accessible  range 
in  most  laboratory  experiments.  Kor  M and  T K,  Durden 

et  al  (Reference  lbA-£0l  find  k i,H  s 10-30  emWsec  for  the  above 
reacti  ,n.  lor  M He  and  T 80  K,  Bohmc  et  al  (Reference  18A-8I 
find  k 3.  1 x 10*-'*  un'</sec.  This  illustrates  the  marked  increase 
in  rate  constant  with  decreasing  temperature,  a very  general  finding. 

It  is  unlikely  that  helium  is  as  effective  a third  body  as  molecular 
oxygen  at  any  temperature.  In  the  analogous  N*  reaction  at  300  K, 
molecular  nitrogen  is  £.  5 times  as  effective  as  helium,  for  example 
iReference  18A-8).  This  reaction  tN^  ♦ — N4  ♦ N^l  is  about 

18  times  faster  than  the  corresponding  o|  reaction  cited  above. 
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•a  hi  h in  att  r ihutahle  to  a larger  .\  . dissm.  l.ition  energy.  Ihree- 
in*dy -■» s> so*  iritiun  rate  i uiist.inis  are  expo  led  to  i m rt-Hbc  markedly, 
noth  with  i Iw  dissociation  energy  of  thf  i ornpU-x  formed  and  with 
•to  si.tes  »t  the  molci  ulcs  involved.  as  well  a s with  a dee  reasu  in 
• ** t ; r.it t;  r f . 

18A.3.«  o:  02  • M - O4  • M 

it  i.-  rev  .unui'd  t . t-  rn.ati.it;  may  ' *•  .j'  yr^at  importance  in 

P-roym:.  r.ei  Jtivc-i  : . hemist  ry  Iteierem  e I*A-5m,  owine  to  a 
I'.nv*  cr  of  r.onic  . -e.*c  ti<«n>.  e._.,  C ’ • Nt  * ( • t ..  which 
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13A.3.11  The  Oj  - H?0  Sequc 

A rt.t<  ti*>n  scheme  ».vhich  pr*u  et*»ls  sequentially  from  t: , to 
li  C-  * • ii  »<>  and  higher  hyrlrated  i lusters,  is  |>nown  to  he  very 
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significant  in  the  D-region.  The  three -body  association  of  to  O*, 
dismissed  in  subsection  IMA.  3.  8,  is  efficient  at  approximately  200  K 
in  the  D-region.  Following  this  initial  step,  the  sequence  proceeds 
via: 


t 

1 

1 

\ 

*•> 

0.  • H ,0  *u  • ll.U  • O. 

’ # «■  • 

1 . * * I ‘i 

It- 

1 S 

• !'» 

iM 

o'  -Hyl-  H.O  *HjO'*i,m  . o. 

4 - »o'10 

».  • • 

It) 

' '* 

!.  0 

.0 

* 10 

• H ti*#  • 0*1  • tl , 

* 4.U  • 

* 

-10 

» • 

10 

i4\ 

HjO*  OH  • M.O  * II  ^0*  • 

4 l • 10 

%.  1 * 

10 

. * 

1 . 4 

. '4 

• 10 

MjO  • uti 


These  are  followed  in  turn  by  further  three-body  clustering  of  water 
molecules  to  the  hydrated  c luster -ions.  Reaction  (cl  (producing 
li,0*l  is  almost  certainly  endothermic  and  presu.-iably  occurs  as  a 
consequence  of  vibrational  excitation  of  the  reactant  O^’II^O.  This 
may  account  for  reported  variations  in  the  branching  ratio  represented 
by  reactions  lb)  and  (c>,  w ith  different  experimental  conditions. 
Fehsenfeld  (Reference  lnA-41)  has  found  that  the  reaction: 

• e > O’,  • O -0£  • 03 

has  a large  rate  constant,  i.  e.  , k (3  * Z)  * cm  * /sec.  This 

plays  an  important  role  in  the  O’,  - 11,0  reaction  scheme  in  the  D- 
region. 

In  addition  to  C,'li,C  production  from  direct  C,  hydration 

can  m i ur: 

if  I O*.  • II  ,0  • M - O*,  -H  ♦ M . 

*-  “ “ L 

> 4t 

Howard  et  al  have  found  the  rate  constant  to  be  Z.  3 y 10"  cm  / sec 
for  M - O^  at  2%  K (Reference  lrtA-13t,  and  Good  et  al  (Reference 
lbA-21)  and  Fehsenfeld  et  al  (Reference  1HA-VI  have  obtained  simi- 
lar results. 


Rate  constants  from  Kebarle  (Reference  18A-211.  in  cm ^ /sec. 
Rato  constants  from  Fehsenfeld  (Reference  lHA-'b,  in  cm*  sec. 
Rate  constants  from  Howard  iReference  1 HA-131,  in  cm^  sec. 
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18A.3.  12  The  NO  - H^O  Sequence 

The  sequence  of  events  involved  in  NO’  hydration  in  the  D-region 
has  been  shown  ( References  18A-1,  18A-12,  18A-37,  18A-43,  ISA- 
441  to  include: 

V H P 

(*>  NO*  * H,0»  M - NO*- 11^,0  • M . k = I.  a x lo' 28  K 4 a I o' 28  l.  fc  * 10*2#  cm6/ **c. 

Ib>  NO*-  H,0  • H.O  ♦ Mz  No’lH^Ol^  ♦ M . k - 1.0  x 10'*'  1.2  * I0'2T  I.  I a I0'2?  cmSm, 

k ^ - < 1 a 10  * 1.7  i 10  * * 1.4x10  * * cmVi*c. 

to  NO  lH.OI^  * H^O*  M r So'lH^Olj*  M . * 1.  0 a lo"27  1. 4 x lo'27  1.0  « I0'?7cm‘/Mf. 

kr=l.)»  10"12  1.4  a 10'12  1.4  a 1 o' 12  cm  V ace. 

'41  NO *111,0^  * .4,0  -Hj0*IH,012*HN0r  k = 8alo'“  7al0*“  7 a lo'" 

The  results  presented  above  agree  remarkably  well  in  view  of  the 
complexity  of  the  coupled  reaction  sequence. 

18A.3.13  NOj  + NO  - NC+  + NOj 

This  reaction  has  been  found  to  be  very  rapid;  k =■  2.  9 * 10"*® 
cm^ /sec  (Reference  18A-451,  which  iu  important  insofar  as  it  con- 
firms that  I1>(N02i  >lP(NO), 

18A.3. 14  NO*  * COj  ♦ M - NCT‘C02  ♦ M 

The  reaction,  where  M - N,.  has  been  found  to  have  a rate  constant 
of  s < J ()““  * cm  ^ /sec  at  l 'il  K in  the  afterglow  (Reference  18A-46). 
Furthermore,  the  reaction  NC^-  CG^  + 11,0  - \0  + -H20  +•  C02  is 
very  fast,  i.  e.  , k — 10_<>  cm^/  sec.  These  combined  results  are 
important  in  that  the  CC,>  association  with  NO+,  followed  by  the 

Kate  constants  under  "F  ' (via  flowing  afterglow,  where  M N2l 
are  from  Fehsenfeld  et  al  (Reference  ISA-43).  who  also  report 
data  for  M - He,  Ar.  Rate  constants  under  "IT'  (via  flowing  after- 
glow, where  M N'2>  are  from  Howard  et  al  (Reference  18A-12), 
who  also  report  data  for  M = He,  Ar,  Oi.  Rate  constants  under 
P (via  stationary  afterglow,  where  M NO)  are  from  Puckett 
and  Teague  (Reference  18A-44).  All  data  pertain  to  room-tempera- 
ture measurements. 
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rapid  ' switching''  of  CO^  and  H2G,  appears  to  be  a more  rapid  means 
of  hydrating  NO+  in  the  D-region  than  the  direct  three-body  associa- 
tion of  NO+  and  H2O. 

18A.4  SUMMARY  OF  REACTION 
RATE  CONSTANTS 

Following  are  several  tables  of  reaction-rate  constants  of  atmo- 
sp  leric  interest:  Table  18A-1,  positive-ion  charge-iransfer  reactions; 
Table  18A-2,  negative-ion  charge-transfer  reactions;  Table  18A-3, 
positive-ion  atom-interchange  reactions:  Table  18A-4,  negative-ion 
atom-interchange  reactions;  Table  18A-5,  three-body  positive-ion 
reactions;  Table  18A-6,  three-body  negative-ion  reactions;  and 
Table  18A-7,  the  Gulf  General  Atomic  charge-transfer  reactions  of 
positive  ions  with  metallic  neutrals.  The  latter  are  kept  separate 
because  they  form  a cohesive  set  of  data  and  because  of  the  special 
extrapolation  methods  used  to  estimate  the  thermal-energy  rate 
constants.  Throughout  all  tables  except  the  last  (18A-7),  the  rate 
constants  are  reported  in  the  form  m(-nt,  which  designates  m x 10”n. 

Pnless  otherwise  specified,  rate  constants  were  obtained  at  room 
temperature.  For  some  older  measurements,  review  papers  are 
referenced  rather  than  the  original  papers. 
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Table  I8A-I.  Positive-ion  charge -transfer. 


Recent  data  on  the  energy  dependences  of  these  reactions  ore  collected  in  Reference  I8A-33. 


Reaction  I (cm3/ttC)  I References  I Comments 
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lc  far  the  ground-state  reaction  (15. a.)  was  formerly  cited  as  6.3(-10),  based  an  the  inadvertent  experi- 
mental admixture  af  the  excited-state  reaction  (15. b.)  (References  18A-25,  18A-58). 

300K;  almost  independent  of  temperature.  Branching  ratio  favors  Reaction  11,  Table  18A-3  aver  this 
by  0.93/0.07. 
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Recent  doto  on  the  energy  dependence  of  this  reaction  ore  collected  in  Reference  18A-33. 


Reaction  I (cm3  sec)  Refer  ences  | Cammenti 
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"Energy  dependence  is  given  In  Reference  18A-60.  Branching  rotio  fovors  this  over  Reoctlon  18  of  Toble 
18A-1  by  0.93  0.07. 
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Because  af  the  serious  breakup  problem,  the  equilibrium  constant  is  mare  relevant  than  the  rate  constant 
alone;  K is  reported  a$<l(-19)  at  200  and  225K  (References  18A-46,  18A-75)  and  as>l(-20)  at  298K 
(Reference  18A-76). 
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Table  18A-7.  Charge  transfer  to  neutral  metals.* 


React! an 

Measured  cross-section 
for  ions  of  1 eV  (at  the 
center  af  mass) 

Extrapolated  value  of 
thermal-energy  rate 
constant 

(cm2) 

(cmVsec)** 

N+  4 No  - N 4 Na+ 

small 

O 4 Na  - O + No 

small 

Nj  * Na  — Nj  4 Na 

3.0  * 10"15 

1.9  x 10'9 

Oj  4 Na  - Oj  4 Na 

5.5  v 10'15 

1.4  xl0"9 

NO*  4 Na  - NO  4 Na" 

1.2  * 10'15 

H20+  4 Na  - HjO  4 Na* 

2.8  • 10“14 

2.7  x 10"9 

H30^  4 Na  - H30  * No' 

2.4  v io'14 

NjO"  4 Na  - NjO  4 Na^ 

2.7  x 10"14 

2.0 x 10"9 

Na  + Na  - Na  4 Na 

2.3  v 10"14 

2.8  x 10"9 

Z 

s 

l 

z 

+• 

1 

1.1  v 10"14 

1.2  v 10~9 

O * Mg  - O * Mg 

small 

Nj  4 Mg  - N?  1 Mg 

1.8  r 10‘14 

Oj  * Mg  - 0?  * Mg 

7.6  » IO"’5 

1.2 v 10'9 

NO  * Mg  - NO  4 Mg 

1.4  / IO"’4 

1.0 x io'9 

HjO  4 Mg  - H20  4 Mg 

1.8  v 10"14 

2.2  v io‘9 

H30  * Mg  - H30  • Mg 

in 

t 

o 

00 

• 

CO 

NjO*  * AAg  - N^  * Mg* 

2.6  v 10"14 

2.1  x 10'9 

* 1 
Mg  4 Mg  - Mg  1 Mg 

3.8  10'14 

4.7  x 10"9 

n‘  4 Ca  - N * Co' 

5.3  v 10'15 

1.1  - io"9 

DNA  1948H 


Table  18A-7.  (Cont'dl 


Measured  cross-section 

Extrapoloted  value  of 

Reaction 

far  ions  of  1 eV  (at  the 

thermal -energy  rate 

center  of  mass) 

constant 

(cm2) 

(cm^/sec)** 

0 * Ca  - O * Ca 

1.1  v 10"14 

7.5  v 10"10 

N2  • Ca  - • Ca 

3.0  v 1(f 14 

1.7 v 10"9 

C>2  * Ca  - C>2  • Ca 

-14 

1.5  * 10 

4.1  ■/  10"9 

NO ' - Ca  - NO  * Ca ' 

2.2  v 10"14 

4.0  v 10"9 

H20  - Ca  - HjO  * Ca ' 

5.5  v lo’14 

4.0/  10’9 

H30+  ••  Ca  - H30  Ca 

3.4  v lo"14 

4.4  / 10“9 

NjO'  - Ca  - N?0  ‘ Ca' 

4.5  v 10"14 

3.7 v 10'9 

Ca  * Ca  - Ca  • Ca 

-14 

6.0  v 10 

Measured  cross-section 
for  ions  of  3 eV  (at  the 

center  of  mass) 

fern2) 

H*  Fe  - H • Fe' 

9.5  / 10‘16 

N • Fe  -•  N • Fe 

1.6  • 10"16 

1.5  / 10"9 

0 • Fe  - O 4 Fe 

1.3  < 10"b 

2.9  / 10"9 

N_  • Fe  - N_  • Fe ' 

2 2 

2.9  x 10"15 

4.3  x 10’10 

NO’  • Fe  - NO  • fo‘ 

2.4  x 10"15 

9.1  x 10"10 

Oj  • Fe  - 02  • Fe  ' 

-15 

2.0  v 10  J 

1.2  / 10~? 

H20’  • Fe  - H20  • Fe’ 

-15 

3.3  x 10 

1.5  x 10"9 

* Table  kindly  supplied  by  J.A.  Rutherford  (Reference  18A-83).  Cf.  olso 

References  18A-84  through  18A-88. 

**  Extrapolation  scheme  de 

scribed  in  Reference  18A-89. 

18A-30 


H«viS»o*i  No  b,  Jurw?  19?b 


CHAPTER  18A 


REFERENCES 

ISA-  1 . l.inebergcr,  W.C.,  and  L.  J.  Puckett,  Phys.  Rev.  1 86, 

116  (1969);  Ibid.  187,  286  (1969);  Ibid.  AJ_,  1635  (1970). 

ISA-2.  Copsey,  M.  J.  , D.  Smith,  and  J.  Sayers,  Planet.  Space 
Sci.  J_4,  1047  (1966). 

18A-3.  Smith,  D.  , and  R.  A.  Fouracre,  Planet.  Space  Sci.  16, 

243  ( 1968). 

18A-4.  Dunkin,  D.H.,  F.  C.  Fehsenfeld,  A.  L.  Schmeltekopf, 

and  E.  E.  Ferguson,  J.  Chem.  Phys.  -P),  1365  ,1968). 

18A-5.  Ferguson,  E.  E.  , D.K.  Rohme,  F.C.  Fehsenfeld,  and 
1).  13.  Dunkin,  J.  Chem.  Phys.  50,  5039(1969). 

18A-6.  Ferguson,  E.  E.  , and  F.C.  Fehsenfeld,  J.  Geophys.  Res. 
73,  6215  (1968). 

18A-7.  Rohme,  D.K.,  D.  13.  Dunkin,  F.C.  Fehsenfeld,  and 
E.  E.  Ferguson,  J.  Chem.  Phys.  49_,  5201  (1968). 

18A-8.  Rohme,  D.K.,  D.  R.  Dunkin,  F.C.  Fehsenfeld,  and 

E.  E.  Ferguson,  J.  Chem.  Phys.  5_E  863(1969). 

18A-9.  Fehsenfeld,  F.C.,  M.  Mosesman,  and  E.  E.  Ferguson, 

J.  Chem.  Phys.  ^5,  2115  (1971). 

1HA-10.  Farragher,  A.  E.  , J.A.  Peden,  and  W.L.  Fite,  J.  Chem. 
Phys.  50,  287(1969). 

18A-11.  Howard,  C.J.,  11.  W.  Rundle,  and  F.  Kaufman,  J.  Chem. 
Phys.  2_3,  3745  (1970). 

18A-12.  Howard,  C.J.,  11.  W.  Rundle,  and  F.  Kaufman,  J.  Chem. 
Phys.  55,  4772  (1971). 

18A-13.  Howard,  C.J.,  V.M.  Rierbaum,  11.  W.  Rundle,  and 

F.  Kaufman,  J.  Chem.  Phys.  5_7,  3491  (1972). 

1KA-14.  Fehsenfeld,  F.  C.  , D.  L.  Albritton,  J.A.  Hurt,  and 
11.  I,  Schiff,  Can.  J.  Chem.  4_7,  1793(1969). 

18A-15.  Albritton,  D.  1..  , A.  L.  Schmeltekopf,  and  E.  E.  Ferguson, 
Hull.  Am.  Phys.  Soc.  J_3,  212  (1968). 

18A-16.  Warneck,  P.  , J.  Chem.  Phys.  4 7 , 4279(1967). 

18A-I7.  Warneck,  P.  , Planet.  Space  Sci.  15,  1349  (1967). 

1HA-1K.  Paulson,  .1.  F.  , R.  L.  Mosher,  and  F.  Dale,  J.  Chem. 
Phys.  44,  3025  ( 196o). 


18A-31 


Rnmon  No  5.  Jun*  1975 


DNA  1948H 


I MA- 
IN A- 

l SA- 
IN A- 
I NA- 
INA- 
1 HA- 
IM A- 
1 ,1 A - 

I '■>  A - 

I - A - 


I • ■ 

i 

1 8 A 


I‘d 

40. 

1 1. 

11 

43. 


I’.ml.suit,  .1.1-  .,  Adv.  (.'hum,  4m  ( 1 ' ‘ > 1 . 

Durden,  D.  A.  , 1*.  Keharle,  and  A.  ('mod,  .1.  Chem.  lJhys 
•'ll , Sili  i I '<  ‘ I . 

(lood,  A.,  I).  A.  Durden,  and  ( Keharle,  .1.  Chain.  Rhys 
Ml,  414,  444  i l"70i. 

Turner,  |!.  K.  , and  .LA.  kull.erlord,  .!.  (ieotdiys.  Res. 

7 3,  1 i 1 a M. 

Turner,  K.R.,  .LA.  I ■' ,ut in- rlo rd,  and  D..M..C  t tnnjUon, 

.1.  v.iiem.  J'hys>.  -5  -.  1<  u.I  . I - ). 


44.  lleinu-rl,  4.,  K.  . ,»:;d  M.  .\.  : nmdi,  ,.  > i.e.ui. 

i *h y i> . _1_,  - 1 >4  I ■ I • i . 

45.  luhnsen,  K.  , 11.  1 . • r <*.vn,  .«nd  M.  A.  Liondi,  !.  ( hem. 

idiys.  _4,  ■■  I • 7 ■ 1 1 . 

4<  . (ioldeli,  !).  IL  . ''in::.'',  and  i'.  ..  V.inu-y,  :'h\  s.  Rev. 

Letts.  40.  !>  > I •'  . 

4 7.  Hotline , I ).  i . . , i ' . I '.  c n . . I . lasted,  ,uni  1,.  K.  M < l i 1 1 , 

, :iii  • • i ' . 


t ‘1  a lie*  . M:,.n  e 1 . 
ClU,  . i , ai:«;  . . : . 


i . t . 


Miller,  I . M . , . 1.  M , ll.4.  Martin,  and  1. 


. \ 1 1 . i i : li e 1 , : 1 : . 

>:•••  ■ 

r i . I , 


: • v . 1 i ", 1 . . 4J  , • • I ' I. 

. ■ ' . i . ■ U< : . I . t !!'  < : l a ! a , Mass 

— * i * 

. i ''Mr.  t i . ( i • » 1 *'  • ) . 

. i i ■ : . : V . ! I I • » • ) . 


• • • 


« \ t t : 


: , i . ' . . <■  hi, 

> : ! alter  , • , ! , . . ( ! . i ■ l I . 


' : e . / : , I • r _■  ,].,  .me  l.i, 

s 'i . . t : . e i r . i ■ 1 •.  s . T , 4 ••  • i • ■ - . 

1 Ma  1 1 e\  , , . ■ . , .<  ■ «■!:.  • 4 , »4«  ' I *7"  i. 

i e • . d , i . > . . < a u . . i • . e ! •,  . 57,  I *"•-  • 1 •»  •>. 

i1’. , ; . < . , a : a;  : , ! , , I er  , < , e r.  d . \ .-> , Res. 

7 5 , 4 4 1 . !••••. 

: ei,  > e Id,  I . < . . i e r L • > ‘!i  , atlft  ; J.  |-  . I (i  h:  i ,e  , 

• . a :.e*  . S J.t  . e - i . 1 , , ! , • !•••(. 


-32 


H*  . 


* .i  . 


CHAPTER  18A 


18A-39.  McKnight,  L.G.,  and  J.M.  Sawina,  DASA  Symposium  on 
Physics  and  Chemistry  of  the  Upper  Atmosphere,  Stan- 
ford Research  institute  (19691. 

18A-40.  Adams,  N.G.  , D.  K.  Bohme,  D.  15.  Dunkin,  F.  C. 

Fehsenfeld,  and  E.  E.  Ferguson,  J.  Chern.  Phys. 

52,  3133  (1970). 

18A-41.  Dunkin,  13.  1C  , F.  C.  E ehsenlcld,  and  E.  E.  Ferguson, 
Chem.  Phys.  Letts.  J_5_,  257  (197.2). 

18A-42.  Ferguson,  E.  E.  , D.  13.  Dunkin,  and  F.  C.  Fehsenfeld, 

J.  Chem.  Phys.  ^7,  1459  ( 1972). 

18A-43.  Fehsenfeld,  F.  C.  , M.  Mosesman,  and  EL  E.  Ferguson, 

J.  Chem.  Phys.  55,  2120  (1971). 

ISA-44.  Puckett,  L.  J.  , and  M.  W.  Teague,  .1.  Chem.  Phys.  54, 
2564  i 19?  11. 

ISA-45.  Fehsenfeld,  ELC.,  1C.  E.  Ferguson,  and  M.  Mosesman, 
Chem.  Phys.  Letts.  4,  V3(P9j9). 

1SA-4o.  Dunkin,  D.  13.  , F.C.  Fehsenfeld,  A.  L.  Schmeltekopf, 

and  E.  1C.  Ferguson,  ,1.  Chem.  Phys.  54,  3817  (1971). 

ISA-47.  Ferguson,  1C.  EL  , Revs.  Geophys.  5_,  305  i l'U.7). 

18A-48.  Lindinger,  UL,  E.C.  E'ehsenfeld,  A.  L.  Schmeltekopf, 

and  EL  EL  Ferguson,  .1.  Geophys.  Res.  7 4753  (1974). 

18A-4  L hohine,  D.  1C.  , N.G.  Adams,  M.  Mosesman,  D.  B.  Dunkin, 
and  ELL.  E'erguson,  .1.  Chem.  Phys.  52,  5094  ilo70). 

L-vA-30.  Stebhings,  R.  1L  , and  J.  A.  Rutherford,  .!,  Geophys.  Res 
7 3.  10  35  i 1 '<».  s 

ISA-51.  E'ehsenfeld,  EL  CL  , and  ILL.  E'erguson,  J.  Chem.  Phys. 

G , >0o*  ( 1*72). 

l-A-52.  Mi  E'arland,  M.  , D.  L.  Albritton,  ELC.  Fehsenfeld, 

A.  1 . Schmeltekopf,  and  EL  1L  E'erguson,  .1.  Geophys. 
Res . 7^,  2005  i 1 ‘ ‘ T-J '. 

lsA-oj.  Dunkin,  D.  13.  , M.  Me  E'arland.  E.C.  E'ehsenfeld,  and 
1C.  E..  l-'erguson,  .1,  Geophys.  Res.  7 > . 3820  i 1 ' * 7 1 1 . 

lhA-5  1.  Ryan,  L.R.,  .5.  (hem.  Phys.  57,  271  (P*7h. 

18A-55.  E'erguson,  EL  EL  , ELC.  E'ehsenfeld,  P.  1).  C.oldan,  and 

A.  1..  Schmeltekopf,  J.  Geophys.  Res.  7T),  4523  i l'"oi. 


fjtJ  b.  Jur»»'  19  7b 


18A-33 


DNA  1948H 


lSA-5o.  l.indinger,  \V . , M.  Miiarland,  F.C.  Fehsenfeld,  A.  1.. 

Schmcltekopf,  and  E.  E.  Ferguson,  Chem.  Phys. 
in  press  ( 1 V 7 5 1 . 

1NA-57.  l.indinger,  \V . , 1).  1..  Albritton,  F.C.  Fehsenfe  Id . and 
E.  E.  Ferguson,  .1.  Ceopliys.  lU:s.  , in  prcs.s  (P'75). 

USA-58.  Fehsenfeld,  F.C.,  D.iU  Uunkin,  and  K.  K.  Ferguson, 
Planet.  .Spat,  e Sci.  J_S,  Idn7  (P'7l)l. 

US.A-5**.  I- ehsenfeld,  F.C.,  K.  F.  Ferguson,  and  ('..!.  Howard, 

.1.  Ceophys.  Res.  jd 1»  3~7  i I ‘*T 3 t. 

FSA-oO.  McFarland,  M.  , 1).  1..  Albritton,  F.C.  I-  ehsenfeld, 

K.  E.  Ferguson,  and  A.  1..  Sebmcltekopi,  .1.  (hophys. 
Res.  TV,  d'<i 5 i 1 “74  i. 

l.SA-ol.  Ferguson,  E.  E.  , F.C.  fehsenfeld,  P.  1).  Coldan,  A.  1.. 

Schmeltekopf,  and  11.1.  Schiff,  Planet.  Span;  St:i.  1 3 . 
8.33  | 1 "iA i. 


i8A-o'. 

Fehsenfeld, 

Ferguson 

i A.  U.  S%  hmeltekopf , and  E.  h . 

, ,1.  Chetn.  Phys.  4*.,  ! a P. 

1 8 A - o 3 . 

Fehsenfeld, 
Res.  7'  , 

!•  .('.,  «itid  E.  E.  !•  e rgu.xon,  .1.  Ceophys. 
845  3 1 '*7  1 1. 

1 S A - < 4. 

1 ehsenfeld. 
Res.  7h, 

I-.C.,  and  E.  E.  1 erguson,  J.  Ceophys. 
l*.‘*u  | »73). 

1 5A-*.5. 

1-  ehsenfeld . 
:_!•  ilb{ 

F.C.,  and  E.  E.  Ferguson,  J.  t hem.  Phy 
( 1 '74  i. 

1 -.A-'  - . 

Mi:  1 a r land. 

M.  , !.).!♦.  Disnkin,  F.C.  Fehsenfeld,  A.  1.. 

Schmeltekopf,  and  ICE.  Ferguson,  .1.  Cheni.  Phys. 
c_,  3 358  i 1 '73  i. 

l.sA-*>7.  Rol,  P.  E.  , anti  1.  A.  Kntemann,  .1.  Chem.  Phys.  4 , 

14  id  i I ".mi. 

l.s/.-’.s.  Fehsenfeld,  F.C  .,  and  E.  E.  herguson,  Radio  Sti.  7, 

113  t 1 (<7<i i. 

18A-*.  V.  Fehsenfeld,  1- . C.  , C.  .1.  Howard,  \V.  llarrop,  and  E.  E. 
Ferguson,  Ceophys.  Res.,  in  press  t 1 ‘ » T -o t . 

lH.\-7u.  Johnsen,  R.  , and  M.  A.  I’iondi,  .1.  ( hem.  phys.  ^7, 

IV 75  (1V72U 

18A-71.  Marx,  R.  , C.  Mauclaire,  K.h.  Fehsenfeld,  1).  1U  Punkin, 
and  E.  E.  Ferguson,  .1.  ( hem.  Phys.  5.s,  3,3*. 7 t 1**7 5 1. 


18A-34 


R«vitK>n  No  5,  June  19?b 


CHAPTER  18A 


lSA-7  2. 

t ehsenfold,  1 . 
J.  Client,  K 

ISA- 75. 

i riH  k i J . 1 - * i 

214  i IS* 7 1 1. 

1 SA  - 74. 

Kehsent’eld,  I'. 

1 S A - 7 5 . 

Hiondi,  M.A., 
- l“74>. 

INA-7«». 

llcimerl,  J.N1. 
4/1.2  ( I '*74  1. 

1 S A - 7 7 . 

1 1 timer  1,  ,!.M. 
ical  V nion  N 

ISA-7S. 

lleimerl,  J.  M. 
' mon  / 2,  5 

[>A-7‘<. 

Keller.  < . K.  , 
J_^.  214  1 * 

1 .'  A - ><>. 

Keller,  C.  K.  , 
2-  • ■ 1 All. 

1 r A - - 

1 *a  r r es . i).  A.  , 

lr.A  -»1. 

Moru//i.  I . 

4*  17  (1  ••  • i , 

ISA-  - 5. 

1 uriiur,  1 . K.  , 
Report  fiA- 

1 iA-  “4. 

Kutherford,  ,1. 
Vroom,  ,(. 

1 ■ A - •-  . 

Ruthertord.  . 
• 22  t 1 '*7  1 1 . 

1 -A-.--  . 

Rutherford, 

V room,  J . 

1-A--7. 

Rmherfnrd, 
Vroom,  .1. 

1- A 

RutUerfo rd,  .1. 
5o  * 1 < l ‘72i. 

i •->  A - * •. 

.*. o't.  1 . .'v. , a 
t I M. 

No  S.  Junr  1975 


18A-35 


dna  man 


THIS  PAGE  IS  INTENTIONALLY  LEFT  BLANK. 


18A-36 


non  No.  5^  Jm*  1975 


..  .Ji 


CHAPTER  18B 


18.  ION-NEUTRAL  REACTIONS 
B.  NON-THERMAL  PROCESSES 

David  A.  Vroom,  John  A.  Rutherford,  and  Richard  L. 
IRT  Corporation 

{Latest  Revision  9 October  1974) 
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1 lie  principal  purpose  of  this  chapter  is  to  supply  a compilation 
of  daa  on  ion-mulcr 'ule  and  i harge- transfer  reactions  which  are 
of  interest  in  atmospheric  chemistry  and  physics.  The  constraint 
imposed  by  considering  only  reactions  involving  atmosphere  spe- 
cies has  led  to  the  exclusion  of  a great  deal  of  interesting  informa- 
tion on  other.  non-atmospheric,  ion-neutral  processes. 


The  io:i-energy  range  covered  by  the  data  in  this  chapter  has 
been  set  arbitrarily  at  approximately  l-->Ob  cV.  1 he  lower  limit 
of  this  range  was  determined  by  the  earlier  lack  of  data  for  most 
reactions  in  the  region  between  thermal  energies  and  approximately 
one  electron  volt,  hi  hernial  energy  data  are  presented  in  Chapter 
1 , More  recently,  however,  considerable  data  obtained  by  the 

use  of  flowing -at',  erg  low  drift  -tube  methods  have  become  available, 
anti  these  data  do  cover  the  energy  regime  from  near-thermal  to 
several  electron  volts.  lie  latter  information,  together  with  re- 
sults from  drift-tune  experiments,  have  ’men  included  wherever 
available.  1 he  upper  limit  it  !)  e Y Was  set  arbitrarily  such  as  to 
be  greater  *hin  the  energies  nt  most  experiments  which  measure 
in  viie  lov.  ion-energy  region.  ( hapter  l ir.i  hides  data  at  still 
highc r energies . 


133.?  TtCHNIOUFS 

She  Van  ets  i <•(.  i.IUGUe  s employed  are  tor  the  inns'  part  described 
m v i.ii'/i-r  T.  he  e\t  epi  ioi.  is  tinit  • ! the  flowing -aft  erg  low  drift 
‘ u*.c.  tvi.ii  i:  i.as  only  recent  l\  neett  cie\ eloped.  complete  desi  rip- 
tiou  .j  *!.is  n.et bod  is  _ i vet;  in  Reference  ls'i-1. 
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18B-5,  18B-6),  are  typical  of  experiments  of  this  nature.  Both  of 
these  employ  double-mass-spectrometer  systems;  in  each  instance 
the  first  mass  spectrometer  is  used  to  select  the  primary  ion  to  be 
studied,  and  the  second  to  analyze  the  products  of  collisions  between 
the  primary  iora  and  neutral  specif-s.  In  order  to  obtain  more  in- 
formation on  the  energetics  of  ion-neutral  reactions,  Paulson, 

Dale,  and  Studniarz  (Reference  18B-7)  have  used  the  double-mass- 
spectrometer  concept  in  conjunction  with  time-of-flight  techniques. 

T his  incorp'.rati-m  of  time-of-flight  allows  the  translational  energy 
of  the  product  species  to  be  measured. 

Another  b>*am  technique,  merging  beams,  has  been  described 
in  two  review  articles  (References  18B-8,  18B-9).  This  method 
has  the  advantage  of  facilitating  the  study  of  reactions  in  the  energy 
range  from  near-thermal  to  several  hundreds  of  electron  volts;  it 
can  also  give  information  on  the  kinetic  energy  of  the  products  of 
reaction. 

Still  other  methods  which  have  been  employed  are  the  mass- 
spectrometer  ion-source  experiment  (Reference  18U-10)  and  var- 
ious drift-tube  techniques  (References  18B-11  through  18B-13). 

Both  these  and  the  flowing -aft  erg  low  drift-tube  experiment  (Ref- 
erence 1 B-ll  give  data  in  the  energy  range  from  near-thermal 
to  several  electron  volts.  The  two  drift  techniques  show  promise 
of  being  extremely  useful  for  obtaining  cross-section  data  in  the 
near-the rmal -energy  region. 


18B.3  PRESENTATION  OF  DATA 

Most  of  the  data  given  here  cover  a considerable  energy  range 
and  as  a consequ  *nce  are  presented  in  the  form  of  graphs.  In  order 
to  simplify  use  of  the  graphical  material,  all  the  information  per- 
taining to  a given  reaction  is  provided  in  the  figure  caption  refer- 
ring to  that  reaction.  These  figure  captions  include  references  to 
the  workers  who  obtained  the  data,  together  with  the  technique!  si 
employed,  any  data  available  about  the  effects  of  excited  states  of 
the  primary  ions,  any  data  available  about  the  states  of  the  product 
species,  and  other  relevant  information  which  may  be  helpful. 

Rate  coefficients  t .r  a number  of  reactions  which  have  been 
measured  c*  only  one  ion  energy  in  the  non-thermal  region  are 
presented  in  tabular  form. 
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18B.3,  1 Graphical  Data 

1 wo  types  of  graph  are  included: 

(At  '1  lie  first  type  (in  Subsections  1 SB.  3.  1 , 1 through 
I SB.  3.  1.  15)  is  used  for  data  obtained  at  higher  energies  (- — 1 - 5 U 0 
eVl.  In  these  graphs,  the  ordinate  gives  the  cross  section  for  the 
reaction  and  the  abscissa,  the  ion  velocity  related  to  that  cross- 
section.  'Ibis  velocity  is  obtained  directly  from  the  ion  energy. 

1 he  use  of  velocity  on  the  abs<  issa  conforms  with  the  format  used 
in  Chapter  15.  It  should  ' . noted,  however,  that  the  ion  velocity 
does  not  account  for  any  motion  of  the  neutral  primary  species. 

In  most  cases  the  neutral  primary  is  at  room  temperature  (300  K) 
and  its  motion  is  not  of  importance.  For  some  atomic  species 
which  are  formed  by  thermal  dissociation  the  motion  of  the  neutral 
ian,  however,  become  appreciable.  The  ion  velocity  will  then  be 
found  to  differ  from  the  velocity  in  the  center-of-mass  system  at 
low  collision  energies.  The  motion  of  both  species  is  accounted 
for  when  the  bary  cent  ric  or  collision  energy  is  considered.  This 
parameter  is  given  across  the  top  axis  of  each  figure. 

Data  obtained  using  merging  beams  are  plotted  in  the  same  for- 
mat as  is  used  for  other  beam  data.  Here,  the  collision  energy  is 
the  energy  at  the  c enter-of-mass  of  these  experiments.  1 he  ion 
vel  oi  ity  given  on  the  abscissa  is  obtained  by  tabing  a reasonable 
value  lor  the  neutral  velocity  and  computing  the  corresponding  ion 
velocity.  T he  neutral  velocity  chosen  is  that  which  would  be  ex- 
pected in  a beam-gas  or  c ros sed -beam  experiment  involving  the 
same  species. 

‘1  he  higher  ion-energy  t—l-^uu  <■  V I data  graphs  are  organized 
as  follows; 

1)  Data  for  each  neutral  reactant  are  grouped  together 
in  a given  subsection,  'lhese  subsections  are  arranged  in  the  fol- 
lowing order:  '1  he  atomic  neutral  species  come  first  (.Subsections 
I SB.  3.  1.  1 through  1KB..  3.  1.7t  in  order  of  increasing  atomic  weight 
followed  by  diatomic  (Subsections  1KB.  3.  1.  .5  through  1KB.  3,  1,  1U| 
and  then  triatomic  (.Subsections  1KB.  3.  1.  11  through  1KB.  3.  1.  15) 
molecular  species,  each  in  order  of  increasing  moiei  alar  weight. 

Zl  Within  each  neutral  reactant  subsection,  the  data 
for  positive -ion  reactions  precede  those  for  negative -ion  processes 
within  this  grouping  the  data  for  the  atomic  reac  tant  ions  precede 
those  for  molecular  ions.  '1  he  atomic  and  molecular  ions  arc  ar- 
ranged in  order  of  inc  reasing  atomic  or  molecular  weight. 
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3)  For  a given  set  of  reactants,  if  data  on  formation  of 
more  than  one  set  of  products  are  available,  the  following  procedure 
is  followed:  If  only  one  or  two  determinations  of  each  cross-section 
are  used,  the  data  are  combined  on  one  plot.  If  considerable  data 
are  available  for  the  different  reaction  channels,  the  data  are  given 
in  different  plots  which  are  then  ordered  as  follows: 

a)  Charge  transfer; 

b)  Dissociative  charge  transfer; 

c)  lon-molecule  processes,  in  order  of 
increasing  ./eight  of  the  product  neutral 
species. 

13)  The  second  type  of  graph  <in  Subsection  18B.  3.  1.  16)  is 
used  to  present  data  obtained  using  drift  tubes  or  flowing-afterglow 
drift  tubes.  In  these  figures  the  rate  constant  is  plotted  on  the  or- 
dinate. For  drift-tube  data,  the  electric  field  strength  per  unit 
pressure  (E/P)  is  used  on  the  abscissa  and  the  average  ion  energy 
is  placed  at  the  top  of  the  figure.  For  the  flowing -afterglow  drift- 
tube  studies  the  energy  at  the  center-of-mass  is  given  on  the  ab- 
scissa and  values  of  electric  field  strength  per  unit  number  density 
lE/Ni  are  given  at  the  top  of  the  figure.  These  formats  conform 
with  those  commonly  used  by  workers  in  the  field. 

The  reactions  are  ordered  in  the  same  fashion  as  for  the  higher- 
energy  data.  That  is,  the  information  on  atomic  neutral  species 
precedes  that  for  molecular  species  and  each  group  is  arranged  in 
order  of  increasing  atomic  or  molecular  weight. 
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18 B.  3. 1.1  O-Atom  Reactions 


Figure  IBB  !.  Cross  section  for  the  reaction  H*  + O -*H  ♦ O* 
Circles  ere  the  date  of  Rutherford  end  Vroom 
{Reference  IBB  14)  obtained  using  crossed 
beam  techniques  end  O atoms  produced  by 
thermal  dissociation.  Triangles  are  the  dale  of 
Stebbings.  Smith,  and  Ehrhardt  (Reference  188 
151  obtained  using  crossed  beam  techniques  and 
0 atoms  produced  in  an  RF  discharge. 


Figure  18B  2.  Cross  section  for  the  raection  0+  + 0 0 + 

0*  Circles  ara  the  data  of  Rutherford  and 
Vroom  (Reference  IBB  14)  obtained  using 
crossed  beam  techniques  and  0 atoms  pro- 
duced by  thermal  dissociation.  Triangles  ara 
the  data  of  Stebbings,  Smith,  end  Ehrhardt 
(Reference  IBB  15)  obtained  using  crossed- 
beam  techniques  and  O atoms  produced  in 
an  RF  discharge 
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»'  At  « 

Ftgur»  18B  3 Cross  saction  fot  th*  reaction  Nj  ♦ O • Nj  + 

O Circles  an  data  of  Rutherford  and 
Vroom  (Raferanca  18B-14J  obtained  using 
crossed  beam  techniques  and  O atoms  produced 
by  thermal  dissociation 
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Figure  18B-4.  Ooss  section  for  the  reaction  ♦ O -*  N0+  ♦ 

N.  Circles  ara  the  data  of  Rutherford  and  Vroom 
(Reference  18B  14)  obtained  using  crosted-beem 
techniques  and  0 atoms  produced  by  thermal 
dissociation 
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Figure  188  5.  Cross  section  for  the  reaction  0 *0  *0*0  Cir 
cln  ara  the  data  o>  R.tharford  and  Vroom  (Refer 
enca  188  14)  obtained  using  crossed  beam  tech 
niques  and  O atoms  produced  by  thermal  dissocia 
tion 


18B.3.1.2  Na-Atom  Reactions 


Figure  18d  7 Cross  section  for  the  reaction  Nj  ♦ Na  ‘•Nj  ♦ Na 
Circles  are  the  data  of  Rutherford  et  ai  (Refer 
enca  188  16l  obtained  using  crossed- beam  tech 
niques 
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Figure  188  6 Crosssection  for  the  reaction  Oj  ♦ O -*02  4 O' 
Circles  are  the  data  of  Rutherford  and  Vroom 
(Reference  188  141  obtained  using  crossed 
beam  techniques  and  O atoms  produced  by 
thermal  dissociation. 
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Figure  IBB  8 Cross  section  for  the  reaction  NO*  4 Na  -*  NO  4 Na* 
Circles  era  the  data  of  Rutherford  et  el  (Refer- 
ence 188  161  obtained  using  crossed  beam  tech- 
niques 
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Figure  IBS  9 


Figure  IBB  It 
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Crots  sections  for  the  reaction  On  * Nc  On  * Ns  Figure  IBB- 10.  Crosstection  tor  the  reaction  H-,0*  ♦ Na  -*-HnO  ♦ Ne+ 


Diamonds  are  the  dctc  tor  ground  state  Oj.  circles 
are  the  data  for  metasleblc  Oj  end  triangles  era 
the  data  lor  c composite  beam  of  Oj  m which  32% 
of  the  Oj  is  elicited  All  date  aic  from  Rgther 
ford  ct  *i  I Reference  IBB  16)  obtained  using 
crossed  beam  techniques 


Circles  are  the  data  of  Rutherford  at  al  (Refer- 
ence IBB- 16)  obtained  using  crossed  beam  tech- 
niques. 
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Cross  section  for  tha  reaction  NjO'  • hi . *NjO  ♦ N«*  Figure 
Circles  era  the  datn  of  Rutherford  at  a<  (Reference 
IBB  161  Obtained  usmg  crossed  beam  techniques 


IBB  12  C-ots  section  for  the  reaction  HjO*  ♦ Nc  -*  H2O  ♦ 
H ♦ Na4  Circlet  a'a  the  data  of  Rutherford  at  al 
(Raferanca  18B  16)  obtained  using  crossed  beam 
techniques 
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Figure  188  13.  C rou  tes  lion  for  the  reaction  N*  ♦ Mg-»N  ♦ Mg*. 

Circlet  are  the  date  of  Rutherford  et  el  (Reference 
188  61  obtained  uting  crotted  beam  techniquet 
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Figure  188  14.  Cross-taction  for  the  reaction  Nj  ♦ **8  -*Nj  * **8* 
Circlet  ere  the  date  of  Rutherford  et  et  (Reference 
188  61  obtained  uting  croued-beam  techniques 
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Figure  1UB  16  Cross  section  for  the  reaction  NO*  * Mg  " NO  * Mg 
Circlet  are  the  date  of  Rutherford  et  el  (Reference 
18B  61  obtained  uting  crotted  beam  techniquet. 
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Figure  188  16  Crott  tecliont  tor  the  reaction  oj  ♦ Mg  -*02  ♦ Mg*. 

Oiamondt  are  the  .'ate  tor  ground-ttate  Oj.  circlet 
are  the  data  for  metettabie  Oj.  end  trlanglee  are  the 
data  for  e composite  beam  of  O J m which  32%  of 
the  C>2  it  elicited  All  data  are  from  Rutherford 
et  a>  (Reference  188  6)  obtained  uting  crotaad- 
beam  techniquet. 
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Figure  188  1 7.  Cross  section  lor  the  reaction  HjO*  + Mg  -*  HjO  + Mg*,  Figure  188-18.  Cross-section  for  the  reection  NjO*  + Mg  -* 

Circlet  are  the  data  ot  Rutherford  et  al  (Reference  NjO  ♦ Mg*.  Circles  are  the  data  of  Rutherford 

188-6)  Obtained  using  crossed  beam  techniques  et  al  (Reference  188-6)  Obtained  using  crossed- 

beam  techniques. 
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Figure  188  19  Cross  taction  for  the  reaction  H^O*  ♦ Mg  * HjO  * 
H ♦ Mg+.  Circles  are  the  data  of  Rutherford  et  al 
(Reference  188  6)  obtained  using  crossed  beam 
techniques 


Figure  188  20  Cross  section  for  the  reaction  He*  ♦ K — He  + K* 
Circles  ere  the  data  of  Peterson  and  Loren tt 
(Reference  188  17)  obtained  using  crossed -beam 
techniques 
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Figure  188  73  Cross  section  tor  the  reaction  o'  ♦ Ca  *0»Ca 
Circles  ere  the  Jata  of  Rutherford  tt  ai  I R«f«r 
ence  I8B  18)  obtained  using  crossed  beam  tech 
nigues 


Figure  188  24  Cross  sat  boo  for  the  reaction  Nj  ♦ Ca  -Nj  ♦ Ce 
Circle*  art  the  data  of  Rutherford  el  ai  < Reference 
18B  16)  obtained  using  crossed  beam  techniques 
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Figure  188  25  Crocs  taction  to*  the  reaction  NO*  ♦ Ca  ■* NO  ♦ Ca*  Figure  188  26  Cross-sections  for  the  reaction  Oj  ♦ Ca^Oj  ♦ Ce*. 

Circle*  are  th*  data  of  Rutherford  at  al  (Reference  Square!  are  eh*  data  for  ground- Mat*  Cj.  circlai  ara 

1B8  18I  obtained  using  crottedbeam  tachniquat.  tha  data  tor  metaatebleOj.  and  trianglst  ara  the  data 

for  a composite  beam  of  Oj  in  which  32%  of  the  Oj 
itaacitad.  All  data  era  from  Rutherford  el  el  (Refer- 
anca  186  181  obtained  using  era  wad -beam  technique*. 
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Figure  188  27.  Cross  section  for  the  reaction  MjO*  ♦ Ca  - MjO  * 
Ca*.  Circle*  are  the  data  of  Rutharford  at  al 
(Reference  188  181  obtained  using  crossed  beam 
techniques 
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Figure  188  28-  Croae-aaction  for  the  reaction  NjO*  ♦ Ca**HjO  ♦ Ca 
Circle*  are  tha  data  of  Rutharford  at  al  (Refer anca 
188  181  obtained  using  created  turn  technique* 
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Odea  art  the  data  of  Rutherford  and  Vroom 
• Reference  IBS  191  obtained  uttng  croned  beam 
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Figure  188  33.  Croat  tection  for  Ihe  imcikhi  NO4  ♦ Fe  -* 

NO  * Ft*  Circlet  art  the  data  of  Rutherford 
end  Vroom  (Reference  188-191  obtained  til- 
ing crofted -beam  techniquei. 
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Fifin  188-34.  Crot*  taction  for  the  reaction  Oj  ♦ Ft  -*02  ♦ Ft* 
Circlet  art  the  data  of  Rutherford  and  Vroom 
(Reference  188-191  obtained  uting  crowd -boom 
tKhmquet.  No  effeett  mere  teen  due  to  meta- 
ttable  0 j in  the  primary  ton  beam. 
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Figure  18835  Croat  faction  tor  «he  reaction  MjO*  ♦ Ft  ♦MjO  ♦ Ft* 
Circlet  are  the  data  of  Rutherford  and  Vroom  (Refer 


Figaro  188  38.  Croat  arbont  tor  *a  roectiOM  HjO*  ♦ Fe  -*  HjO  ♦ 
H 4 Ft*  ad  Mgp*  ' Fe  - HjO  ♦ FeM*.  Trianfet 
an  the  data  far  farmahan  of  the  Fa*  product  and 
tuefeeawdoa  data  far  formation  alFaH*.  Aft 
dMa  ere  from  Rutherford  and  Vroom  (Refer once 
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Figure  188  38  Composite  cross  section  *0'  the  reactions  NO*  ♦ Be 
8jN  * 0 and  NO*  ♦ 8a  • BaG ' • N C"dts  aie 
the  data  of  Neynaber  et  ai  (Reference  18B  20)  ob 
tamed  using  meigmg  beams  techniques  The  NO 
mas  produced  using  tom  energy  election  impact 


18B.3. 1.8  N^'Molecule  Reactions 
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figure  188  40  Goss  section  tor  the  reaction  Me*  • Nj  rMe'Nj 
Lucies  are  the  data  ot  M**»  I Reference*  188  21 ' 
obtained  using  beam  gas  cell  techniques  triangles 
are  the  data  of  Stebbmgs.  Rutherford  and  Turner 
i Reference  188  221  obtained  using  crossed  beam 
techniques,  and  squares  are  the  data  of  Gustafsson 
and  Lindholni  'Reference  188  231  obtained  using 
beam  gas  cal'  techniques 
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f ig.ie  tBB  4t  Cross  section  (or  the  reaction  He*  • Nj  ”*  He  + N ♦ 

N * T rengtes  iape*  up)  are  :he  data  of  Maiar  l ft* 
(•rente  IBB  211  obtained  using  beam  gas  cjt  tech- 
niques circles  are  the  data  of  Stebbmgs.  Rutherford, 
and  Twiner  Reference  IBB  221  Obtained  using  crouad 
beam  techniques,  tnanglss  lapea  down)  are  the  data 
of  Gusrafsson  and  Lmdhotm  (Rafetence  IBB  23) 
obtained  usng  beam  gat  ceil  techniques,  and  squares 
are  the  data  of  Moran  and  Friedman  (Reference  IBB 
24'  obtained  using  ion  source  techniques 


Figure  18B  42  af^Vei  ort  to*  tn«  react'd-  *»  * % * *• 
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f igu'e  IBB  43  Cross  section  (or  the  reaction  0*  ♦ Nj  ’♦O  * Nj  Figure  IBS  44 
Note  that  the  O*  must  be  m a matastab'a  stata  to 
make  tha  reaction  proceed  at  low  energies  Circles 
are  the  data  of  Hutharford  and  Vroom  IRefarence 
tSB  2B'  obtained  using  crossed  beam  techniques 
T he  data  are  corrected  for  the  emount  of  metettabU 
0’  .n  the  beam  1 riengies  ere  the  date  Of  T lemen 
1 Ref e'tnce  1 BB  291  obtained  using  beem  ges  cell 
techniques  The  data  are  corrected  for  the  amount 
of  metes  table  0*  >n  the  beam  Squares  ere  the  dau 
of  Stebbmgs  Turner,  end  Srr'th  ( Reference  IBB  27) 
obtained  using  a beam  gas  cell  technique  in  which 
ell  slow  ions  ere  collected  No  correction  for 
(he  composition  of  the  beam  is  made 
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Figure  IBB -45  Cross- section  ’of  tha  r taction  Nj  ♦ Nj  "*  Nj  ♦ Nj. 

Fl.it  rectangla*  art  the  data  of  Moran  and  Robartt 
(Rt-farance  188  32)  obtained  using  amodifiad  ion 
sour ;e  technique.  circlas  ara  tha  data  of  Naff  (Refer- 
anca  186  33)  obtained  using  a beam-gas  call  system 
in  winch  all  slow  ions  are  collected,  squares  are  the 
data  of  Leventhal,  Moran,  end  Friedman  (Reference 
186  341  obtained  using  e beam  gas  cell  technique, 
triangles  (apex  up)  are  the  data  of  Amme  and  Ut- 
terback  (Reference  186  35)  obtained  using  abeam 
gas  ceil  technique  in  which  slow  ions  are  collected, 
and  triangles  lapex  down)  are  the  data  of  Steb- 
bings.  Turner,  and  Smith  (Refarenca  186-27!  ob- 
tained using  a beam-gas  call  technique  in  which 
ions  are  collected 


F ipire  188-46.  Cross-section  for  tha  reaction  Nj  ♦ Nj  Ni  * **  * 
Circlas  are  the  data  for  Nj  formed  by  19.3  eV  elec 
trons,  squares  are  tha  data  for  Nj  formed  by  25.5 
eV  electrons,  and  triangles  are  the  data  for  Nj  formed 
by  57.0  eV  electrons  The  data  are  from  Meier 
(Refarenca  188  36)  obtained  using  beemges  cell 
techniques. 
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Figure  18647.  Cross  taction  for  the  reaction  N^  ♦ N2  '*  Nj  N 
Circles  are  the  data  for  Nj  formed  by  19  eV  elec- 
trons. squares  are  the  date  for  Nj  formed  by  25.5 
eV  electrons,  and  triangles  are  tha  dats  for  Nj 
formed  by  57  eV  electrons  The  data  are  from 
Maier  (Reference  168  36)  obtained  usirg  beam 
gas  cell  techniques 


Fipire  18648.  Cross  section  for  tha  reaction  NO4  iNj-NO*  Nj 
Note  that  tha  NO4  mutt  be  in  a metastable  state  to 
make  the  r section  proceed  et  low  energies.  Circles 
are  the  data  of  Neynaber,  Rutherford,  and  Vroom 
(Refarenca  188-26)  obtained  using  crosudbaam 
techniques  The  Croat  sections  are  corrected  for  the 
fraction  of  metastabie  ions  present  in  the  beam. 
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Figure  18B49  Cross  [action  1 or  the  reaction  Oj  ♦ Nj  “'Oj  ‘ N$ 
Note  that  the  Oj  mutt  be  in  e metattabie  state  to 
make  the  reaction  proceed  at  low  energies  T n angles 
arc  the  dete  of  Rutherford  (Reference  18B  371  ob 
tamed  using  crossed  beam  techniques  These  date 
it  corrected  for  the  fraction  uf  metastable  ions 
present  in  the  beam  Cn  .let  are  the  deta  of  Amine 
and  Utter  neck  (Referer  ce  18B  381.  and  squares  ere 
the  dete  of  .'tabbings.  Turner,  end  Smith  (Reference 
f BB  271  Both  of  the  latter  sets  of  date  were  ob- 
tained ninth  beam  gas  cell  techniques  using  slow  ion 
collection,  and  neither  is  corrected  for  the  excited 
states  in  the  beam 


Figure  18B  50.  C taction  for  the  reaction  0j  ♦ Nj  ** NO*  ♦ NO. 

Ciu  is  are  the  data  of  Rutherford  (Reference  188-37) 
obtained  using  crossed-beem  techniques 


18B.3.1.9  NO-Molecule  Reactions 
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Figure  188-81  Cross  section  for  thereectior  NjO'  ♦ N?  -*0‘  ♦ Nj  ♦ Figure  IBB  82  Crosssection  for  the  reaction  He*  ♦ NO  -*He  ♦ N*  ♦ 
N2  Circles  are  the  date  of  T«  men  and  Clow  (Refer  O Circlet  are  the  date  of  Moran  end  Friedman  (Refer- 
ence IBB  38)  obtained  using  be.-m  gat  cell  techniques  ence  18B  241  obtained  using  ion  source  techniques 
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Figure  1W  S3  Crois-section  for  t.*  reaction  N*  ♦ NO  ~*N  ♦ NO*. 

Circle*  ere  the  date  of  Turner.  Rutherford,  end 
Stabbing*  (Reference  188-39)  obtained  uting  crowed 
beam  techniques. 
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Figure  188  64  Cross-section* for  the  reection  0*+  NO  -*0  ♦ NO* 
Triangle*  ere  the  dete  for  metetteble  O*  ion*  end 
circle*  ere  the  dete  for  ground-ttete  ion*.  Alt 
dete  are  from  Rutherford  (Reference  188  37)  end 
Mere  obtemed  using  crossed  beam  technique*. 


Figure  188  66  Cross  section  for  the  reaction  Nj  * NO  -*Nj  • NO*  Figure  18B  56  Cross section  lor  the  reaction  NO*  * NO  NO  * NO*. 

Circles  era  the  data  of  Paulson  I Reference  188-30)  Circle*  are  the  date  of  Ghosh  and  Sheridan  (Refer 

obtained  using  beemge*  cell  technique*,  end  triangles  vnce  1 88  40)  obtained  using  beam  gas  cell  techniques 

are  the  data  of  Ney  neber,  Rutherford,  end  Vroom 

i Reference  18B  26)  obtained  using  crossed  beam 

techniques  The  excess  energy  in  this  reaction  is 

such  that  either  the  NO*  or  the  N 2 product  may  be 

left  m an  excited  state 
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Figure  18(3  57  Cross section  for  the  reaction  NO*  * NO  ~* NO  • ni*  * Figure  IBB  58  Cross  section  for  the  reaction  NO*  ♦ NO  “* NO ♦ N ♦ 


0.  Circlet  ere  the  dete  ot  Morin  end  Roberts  (Refer- 
ence 188  32)  obtained  using  • modified  ion-source 
technique 


O Circles  ere  the  date  of  Moren  and  Roberts 
(Reference  188  32)  obtained  using  a modified  ion- 
source  technique 
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F.gure  IBB  o8  Cross  sections  for  the  reaction  ♦ NO  *02*  NO 
Circles  are  the  date  ot  Paulson  (Reference  188  30) 
obtemvd  using  beam  gas  techniques  with  a miaed 
beam  Squares  are  the  dete  for  metestebie  Oj.  tn 
angles  (ape*  down  i art  the  data  for  e ground  state 
beam,  and  triangles  las>e«  up)  are  the  deta  for  a 
composite  beam,  all  three  sets  of  data  coming 
from  Rutherford  (Reference  188  37)  ind  ob- 
tained using  crossed  beam  techniques 


Figure  188  60  Cross  section  for  the  reaction  MjO  -rNO^F^O* 
N0+  Circles  are  the  data  of  Turner  and  Ruther 
ford  (Reference  188  41)  obtained  using  crossed- 
beam  techniques 
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Figure  168  61 


F^r.  186  63 


18B.3. 1. 10  Oj'-'Aslecule  Reaction* 
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Cross  section  lor  the  reaction  h.,0’  * NO  -»  H ♦ 
HjO  * NO*.  Circles  ere  the  date  of  T urner  end 
Rutherford  (Peterence  166-41)  obtained  using 
crossed  beam  techniques 


Figure  166-62.  Cross-section  for  the  reaction  He*  ♦ 02  He  ♦ O ♦ 
O . Triangles  (apex  up)  are  the  data  of  Meier 
(Reference  186-21)  obtained  using  beam-gas  cell 
techniques,  circles  are  the  data  of  F it e et  al  I Refer 
ence  166  42)  obteined  using  crossed  beam  tech- 
niques with  slow  ion  measurements,  squares  are 
the  date  of  Stebbings.  Rutherford,  and  Turner 
(Reference  166-22)  obteined  using  crossed  beam 
techniques,  and  triangles  (apex  down)  are  the  date 
of  Utter  back  end  Ann  me  (Reference  186-43)  ob- 
tained using  a beam  gas  cell  technique  with  slow 
■on  collection 
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Cross  section  for  the  reaction  N*  ♦ -*  N ♦ Oj  Figure 

Circles  are  the  data  ot  Neynaber.  Rutherford,  and 

Vroom  (Reference  188  44)  obtained  using  crossed 

beam  techniques,  and  triangles  are  the  dale  of 

Stebbings.  Turner,  and  Smith  I Reference  186  271 

obtained  using  beam  gas  cell  techniques  with  total 

slow  ion  collection 


186  64.  Cross  section  for  the  reaction  N*  ♦ Oj  “»  N ♦ O ♦ 
O*  Circles  are  the  date  of  Neynaber.  Rutherford, 
and  Vroom  (Reference  166-441  obtained  using 
crossed  beam  techniques 
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Figure  '88  65  Uouuclion  lor  the  reaction  N4  ♦ Cl2  '*  NO*  ♦ O 
Circles  art  the  data  o(  Neynjuer,  Rutherford.  ana 
Vroom  (Reference  18B44I  obtained  using  crossed 
beam  techniques 


Figure  IBB  66  Cross  sections  tor  the  reaction  0*  ♦ Oj  * 0 ■*  Oj 
Circles  are  the  data  tor  mctastable  0 ions  and  tri 
angles  (epee  op)  arc  the  data  tor  ground-state  ion*. 
80th  lets  ot  data  are  trom  Hot  heft  or  d (Reference 
188  371  obtained  using  crossed  beam  techniques. 

T tiangles  (apex  down)  are  the  data  ot  Stebbings, 
Turner,  and  Smith  (Reference  1 8B  27)  Obtained 
using  crossed  beam  techniques  and  slow  ion  col 
lection  No  state  selection  of  the  primary  beam 
was  used 


* Ve.i 


Figure  18B67  Cioss  section  tor  the  laaction  Nj  * Oj  • N2  ♦ oj  , 
Circles  are  the  data  for  both  reactants  having  a mini 
mum  uf  internal  energy,  situates  are  the  data  tor  N2 
having  minimum  internal  energy  and  02  heated  to 
1600  K.  and  <r tangles  (apex  up)  are  the  data  for  N2 
formed  6y  40  aV  electrons  and  Oj  having  minimum 
internal  energy  All  ttiree  sets  uf  data  art  from 
Neynaber.  Rutherford,  and  Vroom  (Reference  188 
44)  obtained  using  crossed  beam  techniques  Tri 
angles  lepex  down)  are  the  data  of  Stebbings  Turner, 
and  Smith  I Reference  188  27)  obtained  using  crossed 
beam  techniques  with  slow  ion  collection 


Figure  188  68  Cross  section  for  the  rtrction  t>2  * 02  * 02  4 Jj 
Triangles  are  the  data  of  Amme  and  Utterback 
iRtferance  188  35)  obtained  using  beam  gas  cell 
techniques  with  total  slow  ion  collection.  and  circle, 
era  tn«  data  of  Stebbings.  Turrvw,  and  Smith  (Re 
ference  18B  271  obtained  using  crossed  beam  tech- 
niques with  slow  <on  collectin'. 
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Figure  IBB  69 


Figure  IBB  71 
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Cross  section  lor  the  reaevon  L)^  ♦ * Oj  • O ♦ 

O Circlet  ere  the  data  of  Moran  and  Hubert! 
(Reference  IBB  32)  obtained  using  e modified 
ion  tource  experiment 


Figure  188  70  Cross  section  for  the  reaction  HjO*  ♦ Oj  ”*  HjO  ♦ 
(Jj  Circlet  ere  the  dete  of  Turner  end  Rutherford 
(Reference  IBB  41)  obtained  uling  crossed  beam 
technique! 
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Cross  lection!  for  the  reaction  O • Oj  • O • 0^  Fi^rre 
Flat  rectangle!  are  the  data  of  Paulson  I Reference 
IBB  45i  obtained  using  beam  gat  ce'l  technique!, 
circlet  are  the  date  of  Bailey  end  Vahedevan  lHa 
ference  IBB  46)  obtamad  using  a beam  gar  cell  tech- 
nique with  tlow  ion  collection,  square!  ere  the  date 
uf  Snow.  Rundel.  and  Gaballe  (Reference  IBB  471 
Obtained  using  crossed  beam  techniques,  triangles 
(ape*  up)  ara  the  data  for  a ground  sttta  Oj  tar 
gat  and  triangles  (apex  down)  are  the  dete  for  e 
metastable  Oj  target  from  Mathis  IRalerence  IBB 
48)  obtained  using  crossed  beam  techniques,  end 
diamonds  ara  tha  data  of  Rutherford  and  Turner 
(Reference  IBB  491  obtained  using  crossed  beam 
techniques 


IBB  72  Cross  section  (or  the  reaction  NO'  ♦ Oj  NO  ♦ 
0~2  Circles  are  the  date  of  Paulson  t Reference 
IBB  30)  obtained  using  beam  gas  call  techniques 
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Figure  188  73  Cross-lection  for  the  reaction  Oj  > Oj  Oj  * Oj 
Triangles  are  tha  data  of  Rutherford  and  Turner 
(Reference  1B8  49)  obtained  using  crossed  beam 
technique*.  and  circle*  are  the  data  o<  Bailav  and 
Mahadevan  IRafaranca  188  46)  obtained  using  a 
beam  get  cab  technique  with  slow  ion  collection 


Figure  188  74  Croas-saction  for  tha  reaction  N*  ♦ HjO  "*  N ♦ 
M20+  Circle*  are  the  date  of  Turner  and  Ruther 
ford  (Reference  188  41)  obtained  using  crossed 
beam  technique* 


Figure  188  75  Crou lection  f»jr  the  reaction  0*  ♦ MjO  *»  O • 

MjO*  Circl'S  are  the  data  of  Turner  and  Ruther 
ford  (Reference  18841 ) obtained  utmg  crossed 
beam  technique* 


F igure  188  76.  Cross  taction  tor  the  reaction  Nj  ♦ HjO  •*  N2  ♦ 
MjO*  Circle*  ere  the  date  v*  Turner  and  Ruther 
ford  (Reference  188  411  obtained  using  crotaad 
beam  technique* 
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Cross  section  to*  the  reaction  NO*  ♦ HjO  * NO  • Ftgjft 
H^O*  Note  thet  the  NO*  mutt  Mmi  m«testat>lt 
state  tor  the  reaction  to  proceed  at  ion  energies 
Circles  are  the  data  ot  Turner  and  Rutherford  iRe 
ference  188  41)  obtained  using  crossed  beam  tech 
mciues  The  data  arc  corrected  tor  the  fraction  ot 
metastable  ions  in  the  beam 


18B  78  Cross  section  tor  the  reaction  Oj  * HjO  ~*Oj  * 
H^O*  Note  that  the  O^  must  be  in  a metastable 
state  for  the  reaction  to  proceed  at  Ion  anergic*. 
Circles  ere  the  data  of  Turner  and  Rutherford 
(Reference  188  41)  obtained  using  crossed  beam 
techniques  The  data  are  corrected  tor  the  free 
lion  ot  metastabia  on*  in  the  beam 


Cross  section  tor  the  reaction  M,0'  * H,0  * Figure  188  80  Cross  section  for  the  reaction  0 ♦ H,0  • OH  * 


MjO*  ♦ OH  Circles  are  the  data  ot  Turner  end 
Rutherford  (Reference  188  411  obtained  using 
crossed  beam  technics 


OH  Circles  are  the  data  of  Paulson  I Reference 
IBB  30)  obtained  using  beam  gas  cell  techniques 
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Figure  186  65  Crotttection  tor  the  reaction  NO  * N^O  • NO  * 
N^O  TnengJet  are  the  date  of  Peuiton  (Refer 
cnee  166  51)  and  circlet  are  the  data  of  T ieman 
and  Oba  (Reference  IBB  381.  Doth  obtained  utmg 
beam  gat  cell  techniguet 


Figure  186  86  Crott section  lor  the  reaction  NjO  » N^O  * 0*  * 
N^  ♦ NjQ  Circlet  are  the  data  of  T ieman  and 
do*  ’Reference  188  38)  obtained  citing  beam 
gat  cell  tech  iguet 
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F.gure  1&6  87  Crott  teebont  for  me  reaction  O ♦ COj  • O • CO^. 

Caciet  are  the  dale  for  ground  tlate  0 and  |r  ang'et 
are  the  data  *or  e»cdad  ttaie  0 * data  e*e  from 

T ieman  (Reference  18B  29l  obianed  jimg  beam 
gat  cell  lechnigoec 


Fgc'r  188  88  Croutecliont  for  the  reaction  O*  • COj  ’Oj  • 
CO  Triangle*  are  the  data  of  Pauiton  ! Reference 
166  301  obtained  utmg  beam  gat  call  techmguet. 
5ooaret  and  circlet  are  the  data  of  Taman  )Re 
terence  188  291  for  ground  itate  and  eacded  0* 
■om  retoec  tive*e . obtamad  utmg  beam  gat  cell 
techmguei 
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Figure  IBB  89  Crotetection  tor  the  reaction  O ♦ COj  - 0 ♦ COj  Figure  188  90  Crow  wmon  for  the  reaction  0 ♦ - 0 " O • ♦ CO 
Circlet  are  the  data  of  T tertian  and  Clow  (Reference  Triangle*  are  the  data  of  Tieraan  and  Oder  C Wafer- 

IBB  381  and  triangle*  are  tne  data  of  Fauieon  (Re-  enca  188  38)  and  ctrdtt  are  the  data  of  PfeJien 

ference  188  511.  both  obtained  using  hir  gat  ceil  (Reference  188  51).  both  obtained  utntg  baam-gat 

techniques  cat:  tecnmquee 
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Figure  188  91  Croee  tectum  for  (he  reaction  NO  ♦ COj  * NO  ♦ 
COj  Circlet  are  die  data  of  Paulson  (Reference 
188  S3)  obtained  using  haem  gw  call  Mchmquee 
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Fgure  188  92  Creaa-eacMn  for  die  reaction  Oj  ♦ COj  Oj  ♦ 

COj  Cadet  art  die  date  of  Radas*  (Retar ante 
188  83)  o* tamed  utmg  b tew  gat  cad  tathwigyaa. 
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F^ure  >86  93  Cruet  taction  tor  the  reaction  Qj  • COj  * COj  * 0 
C-rclet  are  tnc  data  o*  Pculwri  | Reference  >86  831 
□burned  uiing  Mem  jat  ceil  technique* 


Figure  tBB  94  Croutectron  tot  the  reaction  0-j  ♦ COj  '*  COj  ♦ 
02  Circlet  ere  the  deu  ot  Neyneber.  Rutherford, 
end  Vruom  (Reference  188  841  obtained  uvng 
croued  beam  technique* 


F<9ure>86  98  Crott  vection  tor  the  reeu*on  Uj  • * 02  1 F^retBBRb  Creek  lection  tor  the  reaction  O » NOj  *0* 

NOj  Circle*  at  the  date  o»  FeuHo"  Htlerct  NO?  Cade*  *t  th,  daU  of  Rutherford  IRe 

ttttt  30  uCUmed  rhi]  been  ga  cel’  technique*  terence  t86  371  and  triangle*  are  the  data  of 

Snort.  R under  and  Grttalie  iHe<e>ence  >86 
47)  both  obtained  rvng  croued  beam  tech 
r.xjuet  Souere*  are  the  data  of  Stock  date  Como 
ion  and  Re-nherdt  (Reference  t88  W>  obtained 
uvng  urn  taoduced  by  baoodM  asiachment 


188-28 


No  b junr  19  IS 


CHAPTER  18B 


»***  •• 

PC  K «0  *C  ■ 'X  -K  »K  .'tc 


Uh.:i:c*  fwn*  *• 

‘ ; « tc  * ’at  *4:  < 


F tfurr  IK  97  Cross  section  for  the  'eacut...  Oj  ♦ NOj  -Oj  ♦ 
NC^.  Circles  in  the  data  of  Rutherford  (Refer 
mu  IK  37)  obtained  using  crossed  beam  lech 
tuques. 
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Figure  IK  K Cross  section  for  the  reaction  Oj  ♦ NOj  O-J  ♦ 
KOj  Circlas  are  the  data  of  Rutherford.  Turner, 
and  Vroom  (Reference  188  55)  obtained  using 
crossed  beam  techniques. 


Figure  188  99  Cross  sect*.'.  far  the  reaction  N*  ♦ O-j  *NO*  » Oj 
Circles  are  the  data  of  Neyneber.  Rutherford,  and 
Vroom  i Reference  188  54)  obtemad  using  crossed 
beam  techniques 


Figure  IK  100  Cross  section  for  the  reaction  O*  ♦ O3  -O  ♦ O ♦ Cj. 

Circles  are  the  data  of  Neynaber,  Rutherford,  and 
Vroom  (Reference  IBB  54)  obtained  using  crossed- 
beam  techniques 
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Figure  18B-101.  Crosssection  for  the  reaction  N2  * O3  N2  ♦ O ■* 
O’  Circlet  are  tha  data  of  Neynaber,  Rutherford, 
and  Vroom  (Reference  18B  641  obtained  using 
crossed  beam  techniques. 
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Figure  IBB- 102.  Cross  section  for  tha  reaction  02  * O3  — Oj  + O 
Circles  are  tha  data  of  Neynaber,  Rutherford,  and 
Vroom  (Reference  IBB  541  obtained  using  crossed 
beam  techniques 
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Figure  18B-103.  Cross-section  for  the  reaction  N20*  ♦ O3  - NjO  ♦ 
O3  Circles  are  the  data  of  Neynaber,  Rutherford, 
and  Vroom  (Reference  18B  54)  obtained  using 
crossed-beem  techniques 


Figure  IBB  104  Crosssection  for  the  reaction  O ♦ O3  -*0  ♦ 03 
Circles  aro  the  data  of  Rutherford.  Turner,  and 
Vroom  (Reference  IBB  551  obtained  using 
crossed  beam  techniques. 
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Figure  tea  107  Cross  section  lor  the  reaction  NOj  ♦ O-j  • NOj  ♦ Figure  168  106  Rete  coefficients  as  a function  of  collision  energy 
0^  Circles  ere  the  uela  ol  Rutherford.  Turner.  m the  center  of  m«*  for  the  combined  ^reactions 

and  Vroom  'Reference  18B  56l  obtained  using  • 0 ”•  O * Nj  end  Nj  * 0 "•  NO  ♦ N 

crossed  beam  techniques  Squares  ere  the  dete  of  McFarland  et  ef  I Reference 

IBB  561  obleined  using  flowing  afterglow  drift 
techniques,  end  the  tr«ngle  is  the  thermal  energy 
detum  of  Fehsenfefd.  Ounkm,  end  Ferguson  (Re 
ference  16B  57)  obleined  using  efterglow  techniques 
Circlet  are  the  low  energy  beem  data  of  Rutherford 
and  Vroom  (Reference  1 86  141  shown  at  higher 
energies  for  comparison 
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Figure  186  ttO.  Rett  coefficient*  at  « function  of  tha  collision 

energy  in  tha  canter  of  matt  for  tha  raaction  0*  + 
Nj  — NO*  ♦ N.  Squarat  art  tha  data  of  McFtrlano 
at  al  IRafaranca  188  58)  obtained  using  flowing- 
afterglow  drift  technique*  and  triangle*  art  the 
data  of  Johnson  and  Biondi  IRafaranca  188  89) 
obtained  using  drift  tuba  matt  Spectrometer  tech 
niquat  Circles  era  tha  beam  data  of  Rutherford 
and  Vroom  IRafaranca  IBB  281  shown  at  higher 
energies  for  comparison. 
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Figure  IBB  112  Hate  coefficient*  at  a function  of  E/P  and  of  mean 
ion  energy  for  the  combined  reaction*  Ha*  ♦ Oj  — 
O*  • 0 * Hi  (branching  fraction  0 8)  and  Ha*  * 
02  -•  Oj  * Ha  Ibranchmg  fraction  0 2)  Circles 
are  the  data  of  Heunerl.  Johnson,  and  Biondi  I Re 
farence  18B  121  obtained  using  drift  tuba  matt 
spectrometer  techniques 
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F igure  166  113 

Half  coefficients  as  a function  of  the  collision 
energy  in  the  center-of  mas*  tor  the  combined 
reactions  N*  ♦ Oj  NO*  ♦ O end  N*  ♦ Oj  -* 
Oj  * N Squares  are  the  dete  of  McFarland  et 
a<  I Reference  166  68)  obtained  using  flowing 
afterglow  drift  techniques,  and  triangles  (apex 
up)  are  the  dete  of  John  sen.  Brown  end  Biondi 
(Reference  188  601  obtained  using  drift  tube 
mass  spectrometer  techniques  The  triangle 
(apex  down)  is  the  thermal  energy  datum  of 
Dunkm  et  el  (Reference  186-61)  obtained  using 
flowing-afterglow  techniques,  end  circles  ere  the 
beam  date  of  Neynaber,  Rutherford,  and  Vroum 
(Reference  186  44)  shown  et  higher  energies 
for  comparison 


Figure  186  114 

Rate  coefficients  as  e function  uf  the  collision 
energy  m the  center  of  mass  for  the  reaction 
0 1 Uj  'O  ‘ Squares  ere  the  date  of 

McFarland  et  af  (Reference  166  68)  obtained 
using  flowing  afterglow  drift  techniques,  and 
triangles  (apex  up  I are  the  date  of  Johnsen 
and  6iondi  (Reference  166  691  obtained  using 
drift  tube  mass  spectrometer  techniques  The 
triangle  (apex  down  I is  the  thermal  energy 
datum  of  UunSm  et  M (Reference  188  611 
obtained  using  flowing  afterglow  techniques, 
and  the  circle  is  a beam  datum  of  Stebbmgs. 
Turner,  and  Rutherford  I Reference  188  6) 
shown  here  et  higher  energies  tor  comparison 


Revision  No  6.  June  19/6 


18B-33 


DNA  1948H 


«• 


;*■« 


1C  W IDO  I 

I 1 J 1-1  --I  ± llliu 


Figure  1 BB  115  Rat*  coefficient*  **  • function  of  E IP  end  of 
mean  ion  energy  for  the  reaction  U * Oj  ”* 
UO*  * O Circle*  mi  the  data  of  Johnten  end 
Biondi  (Re'erence  188  62i  obtained  uting 
drift  tube  mat*  toectrometer  technique* 


Figure  IBB  116  Rata  coefficient*  a*  e function  of  the  collition 
energy  in  the  e enter -ofma**  for  tha  reaction 
Nj  + O2  "*  Nj  ♦ Oj  Square*  ere  the  deli  of 
McFerland  at  al  (Reference  IBB  68)  obtained 
u*ing  flowing-afterglow  drift  tachniqua*.  and 
triangle*  lapea  up)  era  the  data  of  Johneen. 
Brown,  and  Biondi  (Reference  188-60)  obtained 
uting  drift  tube  mae*-«MCtrometer  technique*. 
The  triangle  lapea  down)  it  tha  thermal -energy 
datum  of  Dunk  in  at  al  (Reference  1B861)  ob- 
temad  uting  flowing-afterglow  technique*.  Cir- 
cle* ere  the  beam  data  of  Neynaber,  Rutherford, 
and  Vroom  I Reference  188-44)  ihown  at  higher 
energie*  for  comparieon. 
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Figure  188  III  Reta  coefficient!  a*  e function  of  E/P  and  of  mean 
ion  energy  for  the  reaction  O*  ♦ COj  -*  CO  ♦ Oj 
Cud**  ere  the  data  of  Joh men,  Brown,  and  Biondi 
1 Reference  188  601  obtained  Uting  drift  tube  mate 
tpectrometer  technique* 
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18B.3.2  Tabular  Data 

K.ite  t oefi i«  i * • n t s whit  h have  ln'c  11  i n o ; i s <i r »•  »i  .it  only  one  enercy 
in  the  mm  ibrrn  .tl  energy  r«- u Li  : .<•  .ire  ores  t-ut  ed  in  I .titles  l-l'.-I 
t.iositivt*  ion  rc.i.  timis  i .tiul  I < m- y.it  ive  - i m iv.u  t ions  i , It 

should  be  noted  til.it  .til  l’.tteS  listed  in  these  (.titles  were  determined 
ositiL'  he. in;  te.  hniques.  1 he  ion  eiieruy  emnloved  w.ts  n,  ■>  eV, 

1 lie  s e . i >n  . :ti  l.tt  intis  were  iirft.i  red  .md  kindly  ffe.died  to  the  i h. titter 
intliirs  hv  I , i >,  '!  iern.tn  it  V.  r i u lit  - 1 ' . 1 1 1 e s on  Air  lore  i'..tse,  ()hio. 
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Table  IBB- 1 . Rate  coefficients  for  positive-ion  reactions. 


Rate  Coefficient** 
k (lO-9cm3sec_1) 

Reaction 

Reference 

14  * 15  15  * 

N ♦ "•  N * neutral(s) 

0.21 

18B-29 

^15  15  . 

n2.  n?-  n2  . N? 

0.67 

IBB- 29 

02'-N2-°2.Nj 

0.2B 

IBB- 29 

1 15  15 

N * NO  - N < NO 

0.093 

18B-29 

o'  * NO  - o • no’ 

0.011 

18B-63 

IB  18 

O * N O O * neutral(s) 

0.091 

1BB-63 

0’(2D)  • NO  - 0 • NO' 

0.49 

1BB-29 

N?  * NO  - N?  • NO' 

0.39 

18B-29 

02  • NO  -0?  • NO 

0.72 

18B-29 

n‘  * 0?-N  • 02 

0.32 

18B-64 

N • 0?  “*  NO'  - 0 

0.035 

1BB-64 

o’  * o? - 0 ‘ 02 

0.0057 

1BB-29 

O f2D^  • 02-0  • oj 

0.59 

1BB-29 

N2  * °2  “ N?  ' °2 

0.043 

18B-64 

°2  ‘ 1S°?  - °?  • '3°2 

0.60 

18B-29 

‘Excited  itate. 

“93-1 

**AII  rate  coefficients  are  based  upon  normalization  to  1.2  X 10  cmJsec_l 

for  ch4  • ch4  -ch5  • ch3. 

(continued) 


18B-36 


Revision  No  b,  June  197b 


CHAPTER  18B 


Toble  18B-1  (Cont'd.) 


Reaction 

Rate  Coefficient** 
k (10‘9  cm^sec”1j 

Reference 

N’  ‘ H?0  - N * H20* 

0.65 

18B-65 

N * H^O  “•  OH  * neutial(s) 

0.32 

18B-65 

N'  * H^O  -HNO  * H 

0.038 

18B-65 

o'  ; h?18o - oh'  * OH* 

0.027 

18B-65 

18 

0 • H2  O^O  • neutral(s) 

0.151 

18B-65 

o'  • h218o~o  • h218o' 

1.13 

18B-65 

n?  » h2o-n2  • h?o' 

0.61 

18B-65 

N2  • H20  - N?H  • OH 

0.55 

18B-65 

02  • H?0  -02  • H20' 

0.36 

18B-65 

02  • h2o  - H02  • OH 

0. 14 

18B-65 

02  • H20  - h2o?  • 0 

0.043 

18B-65 

C2  • ^0  -•  OH  • neutral M 

0.037 

18B-65 

o'  ■ n?o - N20‘  • o 

0.44 

18B-29 

0‘f2Dl  • N20  - N20‘  • 0 

0.26 

18B-29 

• 2 

O / D>  • N?0  - NO  • N • O 

0.16 

1CB-20 

’Excited  state. 

**All  rate  coefficients  are  bosed  upon  normalization  to  1 . 2 / 1 0”^  cm^sec"  ' 

1 for  ch4  • ch4  -ch5  * CH3. 

1 
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Table  18B-2.  Rote  coefficients  for  negotive -ion  reoctions. 


I Rate  Coefficient** 
l<  (10“^  cm^sec”^)  I Reference 


CO3  • Nj  -•  no  reaction  <0.01  18B-29 

O-  • NO  -♦  no  reocticn  *0,01  18B-29 

w 

CO3  • NO  - no  reaction  c0.01  18B-29 

no"  • Oj  ’ NO  • O^  0.35  18B-66 

O3  • Oj  ’no  reaction  *'0.05  18B-29 

CO3  ■ Oj  ’ no  reaction  • 0.01  18B-29 

1R  ttt 

c"  • H O -OH"*  OH  0.05  18B-66 

IO  |Q 

O"  • Hj  O * OH  • CM  0.05  18B-66 

NOj  ’ H^O  -no  reaction  “ 0.005  188-29 

18 

O • Nj  O • NO  neutralist  0.065  18B-29 

- 1 3 1 8 - ) 

O • N^  O • N jO  neutralist  0.060  18B-38 

NOj  • f JjO  • no  reaction  | 0.005  I 188-29 

0“  C02-ror-02  0.03  1 SB-29 

,8o‘  ■ NOj  • 1oO  • NO"  1.03  18B-20 


' "All  ra‘c  r:o<  fficiont*  are  bas'*d  uoon  normalization  to  1.0  * 10” cm^sec 
for  o’  NO?  • O NOj. 

fcontinuedl 
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